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caused by the optically active sample.

ix

Figure 27. Typical electrophoretic pattern of 20% denaturing gel electrophoresis in
standard TBE buffer. Lane 1, tracking dye; lane 2, G2T2G2; lane 3, G2T2G2, lane 4,
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containing GxT2Gx (x = 2, 3, 4, 5, and 8) and G4TyG4 (y = 3, 4, 5, 6, and 8), where
category 1 oligomers were used to address the influence of G-segment at their terminus
and category 2 were used to address how the length of the thymine linker between the two
G-segments affects the self-assembly to multi stranded structures.
Figure 29. Schematic of gel electrophoresis system [Mathews and van Holde, 1990].
Figure 30. Effect of sequence and environmental conditions on DNA oligomers in
standard TBE buffer with 100 mM Na+. Lane 1, G2T2G2; lane 2, G3T2G3; lane 3, G4T2G4,
lane 4, GST 2G S; lane 5, G8T2G8; lane 6, G4T3G4; lane 7, G4T4G4, lane 8, G4TSG4; lane 9,
G4T6G4; lane 10, G4T8G4. 0.01 mM of sample was reconstituted in running buffer, heated
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into the well.
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standard TBE buffer with 100 mM K+. Lane 1, G2T2G2; lane 2, G3T2G3; lane 3, G 4T2G4,
lane 4, G ST2GS; lane 5, G8T2G8; lane 6, G4T3G4; lane 7, G4T4G4, lane 8, G4TsG4; lane 9,
G4T6G4; lane 10, G4T8G4. 0.01 mM of sample was reconstituted in running buffer, heated
for 10 minutes at 90°C, allowed to slowly cool to 4°C, and stored at 4°C for 48 hours
before electrophoresis. Running dye was added to each sample just prior to being loaded
into the well.
Figure 32. Effect of sequence and environmental conditions on DNA oligomers in
standard TBE buffer with 100 mM Mg2+. Lane 1, G2T2G2; lane 2, G3T2G3; lane 3,
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standard TBE buffer with 100 mM Ca2+. Lane 1, G2T2G2; lane 2, G3T2G3; lane 3,
G4T2G4, lane 4, GST2GS; lane 5, GST2GS; lane 6, G4T3G4; lane 7, G4T4G4, lane 8, G4TsG4;
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loaded into the well.
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Figure 35. Effect of sequence and environmental condition ons DNA oligomers in
standard TBE buffer with 100 mM K+. Lane 1, G2T2G2; lane 2, G3T2G3; lane 3, G4T2G4,
lane 4, GST2GS; lane 5, GsT2Gs; lane 6, G4T3G4; lane 7, G4T4G4, lane 8, G4TsG4; lane 9,
G4T6G4; lane 10, G4TSG4. 0.5 mM sample was reconstituted in running buffer, heated for
10 minutes at 90°C, allowed to slowly cool to 4°C, and stored at 4°C for 48 hours before
electrophoresis. Running dye was added to each sample just prior to being loaded into the
well.
Figure 36. Effect of sequence and environmental conditions on DNA oligomers in
standard TBE buffer with 100 mM K+. Lane 1, G2T2G2; lane 2, G3T2G3; lane 3, G4T2G4,
lane 4, GST2GS; lane 5, GST2GS; lane 6, G4T3G4; lane 7, G4T4G4, lane 8, G4TSG4; lane 9,
G4T6G4; lane 10, G4TsG4. 1.0 mM sample was reconstituted in running buffer, heated for
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Figure 37. Effect of sequence and environmental conditions on DNA oligomers in
standard TBE buffer with 100 mM Na+. Lane 1, G2T2G2; lane 2, G3T2G3; lane 3, G4T2G4,
lane 4, GST2GS; lane 5, GST2GS; lane 6, G4T3G4; lane 7, G4T4G4, lane 8, G4TsG4; lane 9,
G4T6G4; lane 10, G4TSG4. 0.5 mM sample was reconstituted in running buffer, heated for
10 minutes at 90°C, allowed to slowly cool to 4°C, and stored at 4°C for 48 hours before
electrophoresis. Running dye was added to each sample just prior to being loaded into the
well.
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Figure 38. Effect of sequence and environmental conditions on DNA oligomers in
standard TBE buffer with 100 mM Mg2+. Lane I, G2T2G2; lane 2, G3T2G3; lane 3,
G4T2G4, lane 4, GST2GS; lane 5, GST2GS; lane 6, G4T3G4; lane 7, G4T4G4, lane 8, G4TsG4;
lane 9, G4T6G4; lane 10, G4TSG4. 0.5 mM sample was reconstituted in running buffer,
heated for 10 minutes at 90°C, allowed to slowly cool to 4°C, and stored at 4°C for 48
hours before electrophoresis. Running dye was added to each sample just prior to being
loaded into the well. Notes that no sample was loaded on lane I and 5 of the gel.
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Figure 39. Effect of sequence and environmental conditions on DNA oligomers in
standard TBE buffer with 5 mM Mg 2+/lOO mM Na+. Lane 1, G2T2G2; lane 2, G3T2G3;
lane 3, G4T2G4, lane 4, GST2GS; lane 5, GgT2Gs; lane 6, G4T3G4; lane 7, G4T4G4, lane 8,
G4TSG4; lane 9, G4T6G4; lane lO, G4TsG4. 0.5 mM of sample was reconstituted in
running buffer, heated for 10 minutes at 90°C, allowed to slowly cool to 4°C, and stored
at 4°C for 48 hours before electrophoresis. Running dye was added to each sample just
prior to being loaded into the well.
Figure 40. Effect of sequence and environmental conditions on DNA oligomers in
standard TBE buffer with 25 mM Mg2+/100 mM Na+. Lane I, G2T2G2; lane 2, G3T2G3;
lane 3, G4T2G4, lane 4, GST2GS; lane 5, GST2GS; lane 6, G4T3G4; lane 7, G4T4G4, lane 8,
G4TsG4; lane 9, G4T6G4; lane 10, G4TsG4. 0.5 mM of sample was reconstituted in
running buffer, heated for 10 minutes at 90°C, allowed to slowly cool to 4°C, and stored
at 4°C for 48 hours before electrophoresis. Running dye was added to each sample just
prior to being loaded into the well.
Figure 41. Effect of sequence and environmental conditions on DNA oligomers in
standard TBE buffer with 5 mM Mg2+1100 mM K+. Lane I, G2T2G2; lane 2, G3T2G3;
lane 3, G4T2G4, lane 4, GST2GS; lane 5, GST2GS; lane 6, G4T3G4; lane 7, G4T4G4, lane 8,
G4TsG4; lane 9, G4T6G4; lane 10, G4TSG4. 0.5 mM of sample was reconstituted in
running buffer, heated for 10 minutes at 90°C, allowed to slowly cool to 4°C, and stored
at 4°C for 48 hours before electrophoresis. Running dye was added to each sample just
prior to being loaded into the well.
Figure 42. Effect of sequence and environmental conditions on DNA oligomers in
standard TBE buffer with 25 mM Mg2+1100 mM K+. Lane I, G2T2G2; lane 2, G3T2G3;
lane 3, G4T2G4, lane 4, GST2GS; lane 5, GsT2GS; lane 6, G4T3G4; lane 7, G4T4G4, lane 8,
G4TsG4; lane 9, G4T6G4; lane 10, G4TSG4. 0.5 mM of sample was reconstituted in
running buffer, heated for 10 minutes at 90°C, allowed to slowly cool to 4°C, and stored
at 4°C for 48 hours before electrophoresis. Running dye was added to each sample just
prior to being loaded into the well.
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Figure 43. Effect of sequence and environmental conditions on DNA oligomers in
standard TBE buffer with 100 mM Na+. Lane 1, G2T2G2; lane 2, G3T2G3; lane 3, G4T2G4,
lane 4, G ST 2G S; lane S, G gT2G g; lane 6, G4T3G4; lane 7, G4T4G4, lane 8, G4T sG4 ; lane 9,
G4T6G4; lane 10, G4T gG4. Each sample was reconstituted in running buffer, heated for 20
minutes at 90°C, allowed to slowly cool to 4°C, and stored at 4°C for 48 hours before
electrophoresis. Running dye was added to each sample just prior to being loaded into the
well.
Figure 44. Effect of sequence and environmental conditions on DNA oligomers in
standard TBE buffer with 100 mM K+ when heated for 20 minutes. Lane 1, G2T2G2; lane
2, G3T2G3; lane 3, G4T2G4, lane 4, G ST2G S ; lane S, GgT2G g; lane 6, G4T3G4; lane 7,
G4T4G4, lane 8, G4T sG4 ; lane 9, G4T6G4; lane 10, G4T gG4. Each sample was reconstituted
in running buffer, heated for according to parameters discussed above at 90°C, allowed to
slowly cool to 4°C, and stored at 4°C for 48 hours before electrophoresis. Running dye
was added to each sample just prior to being loaded into the well.
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Figure 4S. Cicrular Dichroism spectra ofG4T2G4 in standard TBE buffer with 100 mM
Na+ (solid line), 100 mM K+ (dotted line), and 100 mM Na+ plus 20 mM Mg2+ (dashed
line).
Figure 46. CD Spectra of GxT2Gx in standard TBE buffer with 100 mM Na+ (upper)
and 100 mM K+ (lower). G2T2G2 (solid blue line); G3T2G3 (dotted green line);
G4T2G4 (solid red line) GST2GS (dotted brown line); G8T2G8 (solid black line).
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Figure 47. CD Spectra of GxT2Gx in standard TBE buffer with 100 mM Mg2+ (upper)
and 100 mM Ca2+ (lower). G2T2G2 (solid blue line); G3T2G3 (dotted green line);
G4T2G4 (solid red line) GST2GS (dotted brown line); G8T2G8 (solid black line).
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Figure 48. CD Spectra of GxT2Gx in standard TBE buffer with 100 mM Mg2+ (upper)
and 100 mM Ca2+ (lower). G2T2G2 (solid blue line); G3T2G3 (dotted green line);
G4T2G4 (solid red line) GST2GS (dotted brown line); G8T2G8 (solid black line).
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Figure 49. CD Spectra ofG4TyG4 in standard TBE buffer with 100 mM Na+ (upper)
and 100 mM K+ (lower). G4T2G4 (dotted blue line); G4T3G4 (solid green line);
G4T4G4 (dotted red line); G4TSG4 (solid brown line); G4T6G4 (dotted black line);
G4T8G4 (solid pink line).
Figure so. CD Spectra ofG4TyG4 in standard TBE buffer with 100 mM Mg2+ (upper)
and 100 mM Ca2+ (lower). G4T2G4 (dotted blue line); G4T3G4 (solid green line);
G4T4G4 (dotted red line); G4TsG4 (solid brown line); G4T6G4 (dotted black line);
G4T8G4 (solid pink line).
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Figure 51. CD Spectra of GxT2Gx in standard TBE buffer with 5 mM Mg2+/l 00 mM
K+ (upper) and 10 mM Mg2+/l00 mM K+ (lower). G2T2G2 (solid blue line); G3T2G3
(dotted green line); G4T2G4 (solid red line) G5T2G5 (dotted brown line); G8T2G8 (solid
black line).
Figure 52. CD Spectra of GxT2Gx in standard TBE buffer with 15 mM Mg2+/l 00 mM
K+ (upper) and 20 mM Mg2+/l00 mM K+ (lower). G2T2G2 (solid blue line); G3T2G3
(dotted green line); G4T2G4 (solid red line) G5T2G5 (dotted brown line); G8T2G8 (solid
black line).
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Figure 53. CD Spectra ofG4TyG4 in standard TBE buffer with 5 mM Mg2+/l00 mM
K+ (upper) and 10 mM Mg2+/l00 mM K+ (lower). G4T2G4 (dotted blue line); G4T3G4
(solid green line); G4T4G4 (dotted red line); G4T5G4 (solid brown line); G4T6G4
(dotted black line); G4T8G4 (solid pink line).
Figure 54. CD Spectra ofG4TyG4 in standard TBE buffer with 15 mM Mg2+/l00 mM
K+ (upper) and 20 mM Mg2+/l00 mM K+ (lower). G4T2G4 (dotted blue line); G4T3G4
(solid green line); G4T4G4 (dotted red line); G4T5G4 (solid brown line); G4T6G4
(dotted black line); G4T8G4 (solid pink line).
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ABSTRACT

Recent studies have indicated that many polymorphic forms of supra-biomolecular

I

structures are favorably formed by the self-assembly of DNA oligomers that possess

j

contiguous guanine bases (G-rich). These G-rich oligomers are mainly found in the

I

i
1
i

telomeres of eukaryotic cells. Their G-rich compositions provide for their unique ability
to form four-stranded structures that orient themselves in a non-Watson-Crick type
conformation.

The polymorphic forms of these unique higher ordered structures are

generated and engineered by the specific sequence of the DNA oligomers and conditions
(e.g. buffer, pH, ionic strength, cations present, and temperature) under which the DNA is
prepared. Previous studies reported the self-assembly of DNA oligomers of sequence T4G4

Marsh & Henderson, 1994] into multi stranded high molecular weight species (e.g. simple
parallel stranded tetraplex, hairpin, and G-wire). Many of these multi stranded structures
self-assembled in standard phosphate buffer (10 mM phosphate, pH 7.0) with NaCI, KCI,
and MgCh added in different concentrations in order to evaluate the influence of the
cations and their concentrations on self-assembly. The studies presented here evaluate the
sequence effects on the self-assembly of DNA oligomers possessing two terminal Gsegments (GxT2Gx, where x = 2, 3, 4, 5, and 8) with various number of thymine bases
between both terminal G-segments (G4TyG4, where y

2,3,4,5,6, and 8). To investigate

the environmental effects on the self-assembly, the DNA sample is prepared in standard
TBE buffer (100 mM Tris-borate-EDTA, pH 8.2) with monovalent and/or divalent salts
(NaCI, KCI, MgCh, and CaCh) added to the buffer concentration. In addition, different

xvi

i
1
concentrations of the oligomers are also used to evaluate the influence of DNA

1

II
~l

i

I1

concentration (0.01 mM to 1.0 mM) on the self-assembly. The self-assembly of these
oligomers is monitored by nondenaturing polyacrylamide gel electrophoresis (PAGE) and
circular dichroism (CD). The gel electrophoretic patterns of oligomers under various DNA
and buffer concentrations indicate the influence of the DNA sequence, the properties of
the cations, and the concentration of the oligomers on self-assembly of multi stranded
structures. These are evidenced by the number of ladder bands of low mobilities that are

I

generated by the formation of multistranded structures. Results from circular dichroism

i

studies also indicate the formation of mUltiple high molecular weight species according to

I
~

I

the sequences and conditions in which the sample is prepared. The structural
conformations of the multi stranded structures can be distinguished using CD. The results

II

the properties of the cations (monovalent v.s. divalent), the increase in DNA

j

concentration, the presence of Mg in Na or K, and the sequence of the oligomers. The

f

degree of self-assembly moderately depends on the terminal G-segments and the length of

i
l

presented here indicate that self-assembly of high molecular weight species is favored by

the thymine linker.

xvii

CHAPTER I
INTRODUCTION

In the recent chemical literature, the formation of four-stranded DNA structures (Le.
quadruplexes or tetraplexes) by guanine-rich DNA oligomers has attracted considerable
attention; particularly in various biological and nanotechnological fields. The
architectural or structural motifs formed from the self-assembly of single stranded DNA
oligomers to multi stranded or supermolecular structures has generated extensive interest
for determining the stability and behavior of the self-assembly process. The
understanding of the mechanism of the self-assembly will provide an insight on how we
can engineer and "tune" these specialized structural conformations for various biological
and nanotechnology applications. Previous studies have implicated the association G:G
Hoogstein pairing involving N-7 of guanine in the quadruplex formation [Sen & Gilbert,
1988; Williamson et. al, 1989; Kang et. aI, 1992; Sundquisrt & Klug, 1989; Panyutin et.
aI, 1990; Henderson et. aI, 1990; Wang & Patel, 1992].
The conformation and orientation of the resultant higher order structures from the
quadruplex formation have stirred up many questions regarding their stability and
structural specificity. The importance of their conformational properties will also provide
an understanding of how telomeric structures behave in vivo. Other researchers indicated
their structural potential as scaffolding structures for recognition by specific proteins such
as telomerases [Greider & Blackburn, 1985, 1987, 1989; Blackburn, 1991] and telomere
specific, non-histone proteins [Zakian, 1989]. In addition, the generation of these
microstructures will also allow their use as scaffolding for attachment of reactive

1

I

(,

moieties in order to generate synthetic enzymes. Due to the polymorphic nature of DNA
oligomers, various structural motifs can be "tuned" in accordance with their molecular

t

behaviors and the conditions under which they are prepared. Therefore, these

1
I

supramolecular structures can be engineered into useful nanotechnology materials. Such

I

complex structural construction has been generated into a variety of interesting shapes or
J

I,
I

conformational designs such as cubes, other polyhedrons, or knotted DNA from double

j

f

I
~

stranded DNA using enzymatic coupling of branched DNA structures [Chen & Seeman,
1991; Seeman, 1991; Zhang & Seeman, 1994; Du et al, 1995]. This work exemplifies
how changing environmental conditions can modulate the types of DNA structures

t

1

f
I

formed.
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Past studies have reported the formation of parallel stranded structures from TG3T

I

[Jin et. aI., 1992] and T4G4 [Lu et. al. 1992; Wang & Patel, 1992]. The parallel

i

1
1

quadruplex formation has also been confirmed by the CD study of G4TG4

i

[Balagurumoothy et. al. 1992]. In addition, the quadruplex formation of G4T4G4 with

I

alternating parallel and anti-parallel strands has been observed from the complexation of

I

I1

two fold-back hairpins with T -loops running diagonally across the G-tetrads by NMR
studies [Smith & Feigon, 1992, 1993]. Fully anti-parallel intermolecular duplexes of

~

foldback structures have also been reported [Sundquist &Klug, 1989]. The findings
I

suggested that the T -residues may serve as a spacer which allows hairpin formation and
thus reduces steric interactions between the quadruplex and the adjacent duplex regions.
Others structures with novel features for both parallel and anti-parallel complexes from

!

these telomeric sequences have also been observed [Venczel & Sen, 1993].

l

I
!
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Previous investigations on the quadruplex structures for G-rich DNA oligomers
indicate stabilization and binding preference by monovalent cations in the following
order K+ > Na+ > Cs+ > Lt [Williamson et. AI., 1989; Guschlbauer et. aI, 1990]. The
stabilization of quadruplex structures has been observed with divalent ions [Harding et.
AI., 1991, 1992; Williamson, 1994]. A model on the influence of both monovalent and
divalent ions on the self-assembly of quadruplexes suggests the stabilization decreases
with decreasing cation size. This is due to which ion fits best into the cavity created by
the G-tetrad. Other researchers suggest that electronic effects may also be involved (Par
& Hardin, 1994). In addition, studies of sequence (dT2G4)4 from Tetrahymena on the

equilibrium of monomolecular, bimolecular, and tetramolecular species has also been
reported. The equilibrium is influenced by the nature and concentration of the cation, the
concentration of the DNA, and the temperature [Hardin et. al, 1991, Williamson, 1994)].
Furthermore, the cation-dependence on the structural transition via equilibria between the
Watson-Crick hairpin form and the four-stranded quadruplex form of CGGG3CGC has
also been determined [Harding et. aI, 1992]. Formation of the quadruplex structures from
this oligomer is believed to be influenced by the denaturation of the hairpin. Therefore,
the equilibrium may be determined by the balance of free energies required for hairpin
denaturation and release upon quadruplex formation.
Previous works on the formation of quadruple xes have indicated that the
characterization of multi stranded structures is influenced by the sequence of the DNA
oligomers and the conditions under which the sample is prepared. The oligomers
consisted of the general sequence ofC4T4G4T l -4G4. These primarily form intramolecular
hairpins in 100 mM Na\ 100 mM K+, or 20 mM Mg2+ as observed by gel electrophoresis

3

and thermal denaturation studies. However, in the presence of both 100 mM K+ and 20

mM Mg2+, these oligomers form regular multi stranded structures of high molecular
weight species [Dai et. al, 1995 and Marotta et. al, 1996]. Others have reported similar
self-assembly using G4T2G4 in the presence of 50 mM Na+ or K+ in which the assembly
has been found to be most efficient in Na+, and yet the addition of even a small amount of
K+ enhanced the degree of stabilization. The supermolecular structures that are generated
from the self-assembly have been proposed by Marotta et. al. and Marsh & Henderson.
Both observed quite similar findings based upon the consistency with their gel
electrophoresis results. Marsh & Henderson designated these structures as "G-wires"
which was later confirmed by scanning probe microscopy. [Marsh et al, 1995].
Furthermore, both labs consistently reported the formation of longer G-wire structures in
the presence of Mg2+ with the presence of either Na+ or K+.
Because of the various polymorphic and supramolecular structures formed by the
DNA self-assembly process, the resultant structures generate many potential uses for
biological and nanotechnology applications.

This provides many opportunities for

evaluating the structure stabilities and behaviors in both vitro or vivo conditions. The
studies described here were designed to investigate the effect of sequence and
environmental conditions on the DNA self-assembly to multi stranded or higher ordered
structures. In order to assess the self-assembly of multi stranded structures,
oligomers possessing GxT2Gx segments (where x
segments (where y

DNA

2, 3, 4, 5, and 8) and G4TyG4

2, 3, 4, 5, 6, and 8) were designed, synthesized, and subsequently

evaluated for their propensity to form multi stranded structures. The results generated
from the gel and CD studies indicate the favorable experimental conditions or parameters

4

for the self-assembly of high molecular weight species according to the types of the
cations (monovalent v.s. divalent), the increase in DNA concentration, the presence of
Mg2+ in Na+ or K+, and the sequence of the oligomers. A moderate dependence by the

I

I
j

terminal G-segments and the length of the thymine linker (in term of the length of
thymine bases) on the self-assembly is also observed. Similar observations on the

1

formation of the proposed G-wire structures (depicted in Figure 14) from the self

IJ

assembly of G4T2G4 with K+ alone and the presence of Mg2+ in K+ were reported by both

j

j

I

Marsh & Henderson and Marotta et. al. Furthermore, in our gel studies we also observed

t1

the similar G-wire formation in Mg2+ and Ca2+ alone that may enhance structure stability

~
l

i

I

and generate longer structural motifs. The formation of an intramolecular hairpin from
the Watson-Crick association is observed from the less stable sequence (such as G2T2G2

I

and G3T2G3) that consisted of less than four guanine bases at their terminal G-segments.
I
j

II

This verifies the minimum requirement of four guanine bases at the terminal G-segment
is needed to self-assemble to multi stranded or higher order structures.
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CHAPTER II
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HISTORICAL
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Deoxyribose nucleic acid (DNA) is a polymer chain constructed from a series of
connected analogous monomer units through covalent bonds. Each of these monomer
units, a nucleotide, consists of a 2'-deoxyribose sugar bound with a phosphate group at its
5'-carbon and a purine or pyrimidine base at its l'-carbon. The connection between two
successive nucleotides is through the phosphate group on the 5'-carbon of one unit and
the hydroxyl group on 3'-carbon of the next one, which is called the phosphodiester
linkage. In this manner, the construction of long nucleic acid chains is established.
Figure 1 illustrates the chemical structure of a small DNA polymer chain by displaying
the detailed arrangements of the deoxyribose phosphate backbone and sugar molecules
along with the four major bases of DNA.
In 1953, Watson and Crick were the first to propose the acceptable DNA structure
using an X-ray diffraction fiber study. Along with the X-ray diffraction data, a large
collection of earlier chemical data from various research groups also confirmed the
proposed structure. According to their model, DNA is a two-stranded entity where the
strands intertwine to form a right-handed double helix. The strands run anti-parallel to
each other, joined together through intermolecular hydrogen bonding between purine and
pyrimidine bases. The base pairing is A-T and G-C in which adenine and thymine are
bonded by two hydrogen bonds and guanine and cytosine are bonded by three hydrogen
bonds, respectively, as depicted in Figure 2. These matching base pairs can stack on one
another with their planes perpendicular to the helical axis.
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Figure 1: A single strand of DNA of four nuleotide residues [Sinden, 1994].
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Figure 2: Formation of DNA duplex from Watson-Crick base-pairing for CG (left), TA
(center), and Hoogsteen base pairing for AT (right) [Blackburn and Gait, 1996].
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X-ray diffraction studies on DNA fibers identified two types of helices that
configure into two different fonns, A-DNA (Figure 3) and B-DNA (Figure 4). Since
both confonnations are oriented as right-handed helices, the A-DNA confonns under the
conditions of low humidity while the B-DNA confonns under the conditions of high
humidity. The structural schematics in Figures 3 and 4 illustrate B-DNA contains welldefined major and minor grooves along its axis, where as A-DNA has both grooves of
nearly equal depth. The majority of DNA occurs in the B-fonn while other helices such
as RNA-RNA and DNA-RNA exist in the A-fonn.

These structure conformation

differences are influenced by the solvent conditions in which the DNA or RNA resides.
In aqueous solutions, there is extensive hydrogen bonding between solvent water
molecules and DNA. The multiple hydrogen bonds are established by the multiple donor
and acceptor sites present on the sugars, phosphates and bases. The phosphate group is a
strong acid with a pKa of about 1 while other residues in a DNA molecule carry a
negative charge at physiological pH. These features are relevance to how DNA confonns
into various configurations according to its composition and the environment under
which it resides in.
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Figure 3: A-DNA double helix [Mathews and van Holde, 1990]
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Figure 4: B-DNA double helix [Mathews and van Holde, 1990]
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Telomere and Telomerase:

Telomeres are the nucleic acid-protein complexes that occur at the end of
eukaryotic chromosomes. Telomeric DNA has been characterized to contain tandem
repeats of guanine rich or G-tract sequences such as d(TTGGGG) in Tetrahymena,
d(TTTTGGGG) in Oxytricha, and d(TTAGGG) in Homo Sapiens.

It constitutes the

terminal 10kb (kilo bases) of all human chromosomes [Blackburn, 1991; Lansdorp, 1996;
Meyne, 1989]. Telomeres' functions are to maintain the stability and integrity of the
chromosome, preventing incomplete replication and end-to-end fusions [Olovnikov,
1973; Watson, 1972; van Steensel, 1998]. Without the telomeric repair mechanism, the
telomere length maintenance will not suffice in preventing gradual loss of genetic
information since telomeres of most human cells shorten with each cell division due to
incomplete replication of linear DNA. This limits the proliferative life span of most
human somatic cells to between 50-80 cell divisions before they enter a state of
replicative senescence termed as Ml [Harley, 1990; Allsopp, 1995]. On the other hand,
telomere lengths of immortalized cells are constantly maintained and tightly regulated by
,I

I,
i

t

I

the enzymatic mechanism of telomerase, which specializes in reverse transcriptase. The
mechanism involves adding telomere repeats onto the pre-existing 3' single stranded
overhangs of telomeric DNA. Figure 5 demonstrates the mechanism of how telomerase
maintains the telomere length in eukaryotes.
Telomerase is a ribonucleoprotein complexes consisting of various subunits such
as the catalytic reverse transcriptase subunit (hTERT) [Kilian, 1997; Harrington, 1997;
Nakamura, 1997; Meyerson, 1997], an RNA component (hTR) [Feng, 1995], and a

11
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number of other associated protein subunits [Harrington, 1997; Nakayama, 1997].
Te10merase activity has been detected in 85-90% of human tumors and tumor-derived

1

I

cel1lines, but is largely absent in most of the human somatic cells [Kim, 1994; Counter,

I

1994; Sommerfeld, 1996; Tatematsu, 1996].

i

I

1

I
I!

Many researchers have proposed the

potentially highly selective target provided by telomerase for designing new anticancer
drugs [Morin, 1995; Raymond, 1996; Hamilton, 1996; Pitts, 1999].
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Figure 5: Mechanism by which telomerase adding short telomere segments to the 3' end
of chromosomal DNA. These segments, which can then be primed, allow 5' -7 3'
synthesis on the lagging strand.
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From the recent literature, the development of chemotherapeutic agents that are
capable of providing selective inhibition of human telomerase for the treatment of cancer
has been reported. The evolving knowledge on the composition, function and roles of
telomerase and telomeres in cell immortality and cancer has prompted the development
of numerous, distinct rationales for the development of various inhibitors.

Among

different strategies are: antisense-based oligonucleotide inhibitors targeted against the
template region ofhTR, traditional reverse transcriptase inhibitors, and agents capable of
promoting and/or stabilizing high-order DNA quadruplex formation.
The hTR transcript comprises approximately 450 nucleotides and contains an 11
nucleotide sequence (5' -CUAACCCUAAC) template region complementary to the
human telomeric repeat sequence 5' d(TTAGGG). The active functional part of the RNA
is divided into two distinct domains. One of the active domains consists the 3' end that
functions as an alignment for binding of the substrate, while the 5'-domain acts as a
template for telomere elongation. The intrinsic accessibility of the RNA template region
of hTR offers an attractive target for enzyme inhibition compared to other antisensedirected mRNA targets due to its necessity for binding telomere ends.
Since telomerase is a highly specialized DNA polymerase with reverse
transcriptase activity, its function is to synthesize telomeric repeats for attachment to the
3' tail-end of the telomeric DNA strand using RNA template. It has been proposed that
the

t
I
·1

enzyme

activity

may be

inhibited or prevented by chain terminating

dideoxynucleoside triphosphates (ddNTPs) and other nucleoside triphosphate reverse

1

1
J

1

transcriptase inhibitors.
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There is considerable interest in the development of highly selective and potent
small-molecule non-nucleoside inhibitors of telomerase. In this regard, several distinct
rationales have been explored. These include ligand-type agents, which are capable of
promoting the formation and/or stabilization of high-order DNA quadruplex structures.
In addition, the effects of established anticancer agents on telomerase activity have been
examined in an attempt to determine if telomerase inhibition is a mechanistic component
of drug efficacy.
The observation of tandemly repeated segments of G-rich bases found in
telomeric DNA from most eukaryotes prompted the conclusion that telomeres must serve
some distinct biological roles [Blackburn, 1994]. In addition, the discovery of DNA
quadruplex formation from such sequences has stimulated extensive development on the
evaluation of quadruplex structure and function during the past decades [Kang, 1992;
Aboul-ela, 1994; Laughlan, 1994; Phillips, 1997; Wang, 1993]. These structures are
believed to play a vital cellular role, despite their lack of detection in vivo, and the
conservation of telomeric DNA may be related to their inherent quadruplex formation
[Salazar, 1996]. Moreover, it has been established that the RNA template region of
telomerase requires a linear unfolded telomeric primer to affect telomere elongation; thus
the presence of telomeric quadruplex structures leads to telomerase inhibition [Zahler,
1991; Fletcher, 1998]. As a result, DNA quadruplexes can be a viable target for the
development of telomerase inhibitors. Since DNA quadruplexes inhibit the enzymatic
functions of telomerase, it prevents the accessibility to the linear DNA substrate. This
functional cue has prompted many researchers to explore new ligands or related agents
that can selectively stabilize DNA quadruplexes.
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B.

Polymorphic Nature ofDNA:

Most of the DNA in cells occurs as one of the three secondary structures 
random coil, B form, or A form.

But this does not extensively cover other

conformational possibilities for this extraordinary molecule.

In recent years, several

other exotic structures have been observed and discovered by many researchers in various
scientific fields. The type of DNA secondary structures were found to be very dependent
upon the DNA sequence as well as the solution conditions that it resides in.
One notable alternate structure of DNA is Z-form, which is left handed double
helix (Figure 6). The crystal structure of the Z-DNA was first characterized using X-ray
diffraction analysis to evaluate the oligomer with sequence d(CpGpCpGpCpG) [Wang,
1979]. It has been established that sequences with alternating dCdG are the most adept at
forming Z-DNA under high salt conditions. It has also been demonstrated that both B
and Z form could exist in the same DNA molecule simultaneously, separated by a small
junction [Sheardy, 1989; Winkle, 1990].
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Figure 6: Z-DNA double helix [Mathews and van Holde, 1990]
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Another alternate helical structure is triple-stranded DNA, first observed in 1957.

I
i,

poly(dG) to poly(dG).polyd(C) by non-Watson-Crick base-pairing. The formation of

I

three stranded structures entails the binding of a oligonucletides in the major groove of B

I

The phenomenon is formed by binding poly(dCT) to poly(dGA).polyd(CT) and

form DNA by forming Hoogsteen or reversed Hoogsteen hydrogen bonds using the N-7

i,

of the purine bases of the Watson-Crick base-pairing (Figure 7). In theory, G can form a

I

base-triple with a GC pair and A with a TA pair but the only combinations that have

j

I

isomorphous location of their C-l' atoms are the two triplets TxAT and C+x GG (C+ is

~

the N-3 protonated form of cytosine). This means that the three strands of triple-helical

j

DNA are normally two homopyrimidines and one homopurine.

I

Other structures such as cruciform DNA structures, have been shown to form

1i

I
II

within supercoiled DNA in vitro [Woodworth-Gutai, 1976; Mizuuchi, 1982] and have
been proposed to form in vivo [Panayotatos, 1987]. Holliday junctions have been reported
to form during the recombination of two pieces of double-stranded B-DNA in vivo
[Murchie, 1989]. As mentioned earlier, three-stranded helical DNA has been observed
and extensively studied [Han, 1993]. Furthermore, the existence of four-stranded DNA
(e.g. quadruplex, tetraplex, or G-tetrad) has been observed from the sequences rich in
guanine bases.
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Figure 7: Fonnation of DNA triplex from Non-Watson-Crick base-pairing for TAT
(left), TAA (center), and CGG (right) from Hoogsteen base pairing
[Blackburn and Gait, 1996].

C.

DNA Quadruplexes:

Guanine tetrads were first discovered in 1962 when Gellert et al. reported the
aggregation of guanine mononucleotide to gels. Gellert proposed that the fonnation of
four-stranded structure was from the association of the guanine bases into a quartet
structure through hydrogen bonding.

This guanine-quartet structure is connected by

hydrogen bonding of each guanine to two other guanines to fonn a closed ring with a
four-fold rotation axis, as depicted in Figure 8 [Gellert, 1962].

I

I

Other researchers reported the fonnation of Poly(G) into a self-associated
complex with extremely high thennal stability [Pochon, 1965; Thiele, 1971]. The CD
and IR spectra of poly(G) are very similar to those of guanosine gels [Thiele, 1971;
Miles, 1972; Howard, 1977; Chantot, 1974]. This suggests that poly(G) might also be
fonning a four-stranded structure. This hypothesis was later confinned by two X-ray
fiber diffraction studies [Amott, 1974; Zimmennan, 1975].

Based on the detail

evaluation of the diffraction patterns of poly (G), the fonnation of four-stranded helical
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structures was positively confirmed. It was proposed that the guanines could be forming
Hoogsteen type hydrogen bonding similar to those found in GIG mismatches [Arnott,
1974]. From fiber diffraction studies ofpoly-G helices, they found that the four-stranded

I

i

1

helical structure oriented with a 3.4 0 A rise between hydrogen bonded guanine quartets
[Zimmerman, 1975] as indicated in Figure 9 .
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Figure 8. Guanine-quartet (G-Tetrad) hydrogen-bonding array (R=H for guanine and
R=phospho-ribose for nucleic acids) [Gellert, 1962].
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a)

I
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b)

Figure 9: Cyclic array of four guanine bases (a); Quadruple Helical Structure (b);
G4T4G4 in Na+ solution detennined by NMR (c) ; G4T4G4 in K+ solution detennined
by X-ray Crystallography (d) [Williamson, 1994]

I
I

Furthennore, Sen and Gilbert also studied several oligomers containing G-rich
clusters corresponding to the immunoglobin G switch regions that constitute the sites for
recombination between the variable and the constant sequences during the differentiation
of B lymphocytes to plasma cells.

It was found that the Watson-Crick base-paired

DNA's fonn structures upon incubation in Tris-HCI buffer at 4° C, in which the Ccomplementary strands are looped out, to fonn four-stranded DNA complexes ("M"
strands) composed of base-paired guanine "quartets". They referred to these complexes
as "G-4 DNA". They extended these studies to assess the effects of monovalent cations
on the structures fonned by telomeric DNA [Sen, 1990]. They observed that in the
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presence ofNa+, the complexes contain four parallel strands and that the formation of the
complex is a second order process. This suggests that the rate-limiting step in quadruplex
formation involves dimerization of strands to form an intermediate duplex structure(s).
Increasing K+ initially stimulates and then blocks the formation of G-4 DNA. As the K+
is increased above 50mM, their results show that intermolecular "fold-back" structures
become predominant. Sen and Gilbert proposed novel DNA superstructures formed by
I

~

I
I

II

telomere-like oligomers [Sen, 1992]. They found that oligomer TgG3T forms a unique
G4-DNA product at neutral pH in the presence of Na+, K+, or Rb+; however its isomeric
counterpart T9G4 in K+ or Rb + generates an additional ladder of products of substantially
lower gel mobility. They demonstrated that these larger complexes contain, respectively,
8, 12, or 16 distinct strands of oligomers. Methylation protection experiments suggested
a nested head-to-tail superstructure containing two quadruplexes bonded front-to-back
via G quartets formed by out-of-register guanines [Sen, 1992]. The results of this work
are schematically shown in Figures 10, 11, and 12.
In order to understand the stability of the G-tetrads, chemical probes have been
used extensively to provide a detail picture. For instant, the guanine base in a G-tetrad is
nearly saturated with hydrogen bonds, and hence is sensitive to small changes in the
environment.

Such experiment from the DNA of Oxytricha has determined to be

resistant to both endo- and exonucleases. The N -7 of the guanine bases has found to be

1

I
i

I

involved in hydrogen bonding with neighboring bases. Consequently, it provides stability
for compounds like dimethyl sulfate which can methylate the N -7 of guanine and cause
depurination of DNA. In fact, the stability of the chromosomal telomerase is due to the
non-exposure of N-7 of guanine to external chemical agents.

l
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For example, several

anticancer compounds such as cisplatin target the N -7 of guanine in double stranded
DNA.
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Figure 10. Schematic of a back-to-back arrangement of a G-8 DNA complex formed
from a G-4 DNA.

Other studies on the telomerlc DNA complexes that contained 3' -d(T2G4)

2

j

overhanging DNA showed that the molecules dimerlze in a Na+ or K+ in a dependent

I

manner in which all N7 atoms of the guanine bases of the complexes are inaccessible to
DMS modification [Sundquist and Klug, 1989]. The G-tetrad complexes are stable in
buffers containing greater than 100 mM KCl. The authors also suggest that the thymidine
residues may act as "spacers" that serve with two functions: (i) to reduce sterle clash

i

I

between the quadruplex and adjacent duplex regions and (ii) to allow G-DNA hairpin
formation by acting as loops. This is consistent with the affinities of the bases for water

1
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since T is the most hydrophilic and G the most hydrophobic of the DNA bases [Saenger,
1984].
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Figure 11. Schematic of back-to-front (top) and back-to-back (bottom) models for G-8
DNA which involve bonding of two G-4 DNA units via quartet formation by slipped
guanines from either unit. The un-bonded G's are circled.
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Figure 12. Schematics for G4-DNA formed by T nG3 (A) and Tn-1G3T (B) and the
sugarcane type model of G8-DNA formed by T n03 (C).

Recent studies have reported the architecture and stability of these quadruplexes
to be highly dependent on the DNA sequence as well as the conditions (e.g., buffer, ionic
strength, cations present, and temperature) under which the DNA is prepared. A number
of structural and thermodynamic studies on different G-DNA molecules have revealed
that cations induce and stabilize quadruplex formation in the order Cs+< Rb+< K+> Na+>

Lt for monovalent cations and Ca2+> Mg2+ for divalent cations.

This indicates that K+

has the optimal ionic radius for complex formation and stabilization. The effect of
different cations on the quadruplex stability is illustrated in Figure 13.
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Figure 13. Plot of the temperature at which 10% of the quadruplex population has
denatured (TO.lm) versus the van der Waals radius of the corresponding hydrated ions.
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Williamson et aI., studied the effects of monovalent cations on DNA oligomers
corresponding to the four repeats of telomeric sequences of Oxytricha and Tetrahymena
using non-denaturing gel electrophoresis experiments and a DMS protection assay. They
found that these DNA's migrate faster than those of the corresponding single-strands

-;

i

under native conditions and that all N-7 positions of guanine residues were resistant to
DMS modification in the presence of 50mM NaCI, KCI, and CsCI. UV cross-linking of
the thymine residues in the presence of Na+ is concentration independent, thus indicating
an intramolecular reaction. They concluded that the oligomers consisted of four repeats
of telomeric sequences forming a compact, intramolecular folded back G-quartet
structure, in which the strands are pair-wise antiparallel and two of the four guanines are
in a syn conformation. They also noted that an arrangement of the four guanines with
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Hoogsteen pairing is necessary to form G-quartet in a syn/antilsyn/anti alternation with
respect to the glycosidic bonds (Figure 9). Such an arrangement allows for the alkali
cations K+, Na+, and Cs+, but not Lt, to form bonds with the four keto groups within the
central cavity [Williamson, 1989].
The molecular modeling on the interaction between quadruplex structures with
different mono and divalent ions was determined by force field calculations in both
vacuum and solution. It was deduced that cations like K+ are tightly sandwiched between
both the top and bottom neighboring planes of the G-tetrad units built from the guanine
bases of the four DNA strands (Figure 14). The calculations in solution show that the
position of water molecules in close proximity to the DNA channel has a strong influence
on the interaction potential, and hence on the capability of the cations for leaving and re
entering their potential sites.

It was shown that van der Waals interactions at short

distances determine the specific characteristics of the different cations.

j
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Figure 14. (a) G-quartet with a model ion in the pocket, which is formed by four oxygen
06-atoms. (b) Potassium ion in the twisted cage formed by eight 06-atoms. Wire frame
presentations ofthe d[GGGG]4 quadruplex structure. (c) View perpendicular to the
helical axis; (d) axial view. One ion is shown which is trapped in the central cage. [Jutta,
1997]

Nuclear Magnetic Resonance (NMR) studies have also been used to characterize

Ii

detailed structural information about G-tetrads. Due to the repetitive nature of telomeric

I
~

I

I

sequences, the NMR analysis is spectrally overwhelming. Therefore, the assignment of
resonances in the NMR spectrum becomes very difficult. These types of problems can be
reduced using two-fold or four-fold symmetric structures that simplify the NMR

~
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spectrum for evaluation. The first detailed study on G-tetrads was done on G2T4G2 by

1
!

revealing the glycosidic torsion angle alternated syn-anti for each adjacent pair of G's

I

along the strand [Wang, 1991]. A more detailed study was later reported on the sequence

i

i

1

i,

G4T4G4. In the presence of 50 mM Na+, a single predominant species is formed by this
oligomer even at 4 mM DNA strand concentration. Eight imino protons were observed,

1

1

one for each of the guanines, indicating that each guanine is involved in hydrogen
bonding. As observed for G2T4G2, the glycosidic torsion angles alternate syn-anti-syn-

I

anti along the strand [Smith, 1993].

I

has also been reported in which a single copy of the sequence produces an exceptionally

I

stable parallel stranded tetramer consisting of four layers of G-quartets in an orderly

!

~

I

Investigation on telomeric DNA sequence d(T4G4) from Oxytricha through NMR

helical array [Gupta, 1993]. They proposed that all the G's in this right handed helical
quadruplex are in C2' -endo, anti configuration and the T4 adjacent to the G-Iayer, shows

J

1
J

the right handed helical structure similar to that of the G-tract and the rest of the T -tract

J
was more flexible as shown in Figure 15.

I
i

i

I
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DNA aptamer d(GGTTGGTGTGGTTGG)) has also been studied by NMR. This
particular DNA exhibits a highly compact and symmetrical structure, which consists of
two tetrads of guanosine base pairs and three loops. The residues of the tetrads alternate
anitlsyn/antilsyn as depicted in Figure 16 [Wang, 1993]. In addition, an early circular
dichorism study on G4TxG4 oligomers indicated a four stranded quadruplex when x = 1, a
quadruplex formed from the association of two fold back structures when x = 3 or 4 and a
mixture of two possibilities when x

=

2 [Balagurumoorthy, 1992]. Recent NMR studies

have shown that the preferred conformation for G4T4G4 consists of a two-stranded

{
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structure. The exact orientation of T4 loop is still under debate [Kang, 1992; Mohanty,
1994; Smith, 1992; Smith, 1993].

Figure 16 displays some of the possible motifs

generated from different DNA oligomers.
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(B)

(A)

Figure 15. (A) Energy minimized quadruplexed structure of the sequence dT4G4. Eight
planes containing four G's and four T's. (B) Top view of the stacking at the T4-G5 steps.
Each T stacks partially below two G-bases in the G5 layer, in an interaction that seems to
be stabilized by a K+ ion located between the planes.
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Figure 16. A depiction of the tertiary structure of the aptamer is shown (top). The
dashed lines indicate the location of the G-tetrads. A depiction of a syn-anti-syn-anti
tetrad is shown (bottom).
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0111'/111'
Figure 17. Structure of parallel stranded quadruplex T4G4 (A), hairpin C4T4G4T2G4 (B)
and bimolecular quadruplex G4T2G4 (C).
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Figure 18. Schematic representation of the bridging of successive quaduplexes by two
strands, resulting in a linear superstructure with the individual tetrads and the periodic
" pockets".
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Recent studies have demonstrated that certain G-rich sequences can selfassemble, under certain ionic conditions, to give rise to higher order structures [Sen,
1992; Marotta, 1996; Marsh, 1994 & 1995; Dai, 1995]. Studies from our laboratory

structures as shown in Figure 17 and 18 [Dai, 1995]. The melting profiles, circular
dichroism studies, and gel electrophoresis experiments suggested that these oligomers
were unable to self-assemble under Na+, K+ or Mg++ alone, but would self-assemble into
multi stranded species of high molecular weight in the presence of 100mM K+ plus 20mM
Mg++.

Since higher order structures are not observed with K+ or Mg++ alone, these

cations must behave in a synergistic manner in order to stabilize the self-assembly of
supermolecular structures.
Marsh and Henderson reported a similar type of self-assembly using G4T2G4 in
the presence of 50mM Na+, or K+ as shown in Figure 18 [Marsh, 1994]. The selfassembly process was more efficient in the presence ofNa+ plus Mg++ or K+ plus Mg++.
The authors also came up with similar structure as proposed by our group [Dai, 1995].
They also studied the self-assembled "G-wires" through atomic force microscopy (AFM)
[Marsh, 1995]. They found that the "G-wires" formed in the presence of Na+/Mg++ or
K+/ Mg ++ were much longer than the ones formed with monovalent cations alone (Figure
19). They also observed that these quadruplexed DNA wires are more rigid as compared
to the duplex DNA. Thus the self-assembly of oligomers possessing G4TxG4 segments

1

I1
j

1

(where x

=

1 - 4 or higher) generates a linear scaffolding with periodic spaced pockets

(Figure 20).
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I

I

Figure 19: AFM images of self-assembling sequence d(04T204) under different salt
conditions [Marsh, 1995].

In addition to electrostatic binding sites on the DNA backbone these periodic
"pockets" also possess hydrophobic and hydrogen binding sites, which are ideal

I

candidates for binding of small ligands within these pockets. Ligand binding studies by
our laboratory has been evaluated to probe these types of structures (Narayanan A.,
Ph.D. thesis, 1997). Current work is being done in our laboratory to investigate the

\

effects of sequence and environmental conditions on the self-assembly of these

I

superstructures. By understanding the properties and behavior of the self-assembly
process, we may able to engineer or "tune" these superstructures into relevant candidates
for biological and nanotechnological applications. Thus, specific designed DNA
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oligomers with sequences similar to the naturally occurring repeats mentioned above

I,

might provide a simplified model for evaluating the structural and thermodynamic
properties of quadruplex DNA formation.
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Figure 20. Schematic representation of the pocket created in the self-assembly of DNA
oligomers possessing G4T2G4 •
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CHAPTER III
THEORY, METHODS AND MATERIALS
A:

Theory
DNA quadruplex fonnation has stimulated many researchers to fonnulate various

ways to understand the confonnational properties of these DNA structures.

These

structures were found to produce four-stranded structures from simple tandemly-repeated
G-rich sequences in telomeric DNA of most eukaryotes [Meyne, 1989; Blackburn, 1991;
Kang, 1992; Wang, 1993; Aboul-ela, 1994; Laughlan, 1994; Phillips, 1997]. These fmdings
have attracted scientists in various fields to evaluate how these multi stranded or
supennolecular structures are configured into different polymorphic fonns.
Many DNA model systems have pointed the importance of their confonnational
properties to various biological and nanotechnology applications. One important step is to
understand how higher ordered structures are fonned and arranged into functional units in
biological system since the roles of these telomeric structures has not yet been determined

in vivo.
,i
1
I

I

II

1l

In addition, the resultant quadruplex fonnation from single stranded G-rich

segments has been observed to fonn potential scaffolding structures for recognition by
specific proteins such as telomerase [Greider & Blackburn, 1985, 1987, 1989; Blackburn,
1991] and telomere specific, non-histone proteins [Zakian, 1989].

The specificities of

protein recognition have been found linked to different architectures of the DNA motifs that
are generated from polymorphic nature of the DNA quadruplexes. Therefore, the focus of
our research will provide an insight into the behaviors of the self-assembly of these complex

I
j
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architectural structures. It will also enhance our understanding of the biological and

i

nanotechnology roles of quadruplexed DNA structures.
The studies described here were designed to investigate the influence of sequence

i

environmental conditions on the self-assembly of G-rich DNA oligomers. By understanding

j

how these higher order structures self-assemble, we can model various ways to engineer or

1
!

"tune" these structures into relevant candidates for biological and nanotechnology

I

applications. Therefore, the results in this study will answer some questions on how these

i

I

I
j

I

I
!

~

]

1

molecules behave and the stability of DNA self-assembly under various experimental
conditions

1

DNA Sources and Synthesis:
Each strand was synthesized by the automated phosphoramidite method

[Caruthers, 1985] using the Applied Biosystems 380B DNA synthesizer (Foster City,
CA). The essence of the solid-phase synthesis is the use of heterogeneous coupling
reaction between a deoxynucleotide derivative in solution and another residue bound to
an insoluble support. The support-bound product dinucleotide can be removed from the

1
excess of reactant monnucleotide simply by filtration and washing. Below are the four
essential phases that are followed to synthesize the DNA oligomers used in this
experiment.
In order to synthesize the DNA oligomer, the initial phase of the synthesis is to
attach the 3'-terminal deoxynucleotide of the oligonucleotide to the solid Controlled
Pore Glass (CPG) support by conversion of its 5'-O-DMTr-(N-acylated)-derivative into
the corresponding 3'-O-(4-nitrophenol) succinate, which is subsequently reacted with the
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I

amino groups on the support as shown in Figure 22. The second phase of the synthesis
involves in the assembly of the oligonucleotide chains into desired sequences. The first
step is the removal of dimethoxytrityl groups (detritylation) by washing with

I

II

dichloroacetic or trichloroacetic acid (TCA), which frees up the 5' -hydroxyl for the
addition reaction in methylene chloride. The orange color (dimethoxytrityl cation) is
liberated into solution when the detritylation process is completed.

I
Figure 21. Attachment of nucleoside to solid support of controlled pore glass (CPG)
functionalized by a long chain alkylamine.

The second step is to activate the phosphoramidite by mixing it with tetrazole in
acetonitrile as shown in Figure 24 (i). This creates a highly reactive nucleoside
derivative that reacts with the hydroxyl group.

The intermediate is generated by

simultaneously adding the phosphoramidite derivative of the next nucleoside and a weak
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acid, tetrazole, to the reaction chamber. Tetrazole is used to protonate the nitrogen of
the phosphoramidite, making it susceptible to nucleophilic attack.

Since the

intermediate is so reactive, the addition reaction is complete in less than 30 seconds at
room temperature.
The third step is to add the activated phosporamidite to the growing chain. The
added phosphoramidite is blocked at the 5' -hydroxyl end with the dimethoxytrityl group
as shown in Figure 23 (ii). The exocyclic amines on adenosine (A) and cytosine (C) are
protected by a benzoyl group while exocyclic amine on guanosine (G) is protected by an
isobutryl group. Thymidine is already unreactive therefore it does not need a protecting
group. Figure 24 provides a detail reaction scheme on the protection and deprotection of
exocylic nitrogen bases: guanine (i), adenine (ii), cytosine (iii) and 5' primary hydroxyl
group on the sugar portion (iv).
The fourth step is to cap or block any chain that did not react during coupling
reaction, which limits the number of failure sequences (those missing an internal
residue). Since the unreacted chains have a free 5' -hydroxyl, they can be terminated or
capped by acetylation as shown in Figure 23 (iii). This reaction is accomplished using
acetic anhydride. Since the chains that reacted with the phosphoramidite in the earlier
step are still blocked with the dimethoxytrityl group, they are not affected by this step.
Although capping is not required for DNA synthesis, it minimizes the lengths of the
impurities and thus facilitates the purification by RP-HPLC.
The fifth step is to oxidize the intermediate phosphite to the phosphotriester with
iodine and water. Note that iodine is used as the oxidizing agent and water as the oxygen
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donor. The reaction involves the neutralization of the produced hydrogen iodide with
pyridine or 2,6-lutidine. Figure 25 displays a detailed schematic on the oxidation of
phosphite (i), removal of the cyanoethyl-protecting group (ii), and removal of the
dimethoxytrityl protecting group (iii). This reaction is completed in less than 30 seconds.
After the oxidation step, the dimethoxytrityl group is removed and the cycle is repeated
until the requisite number of times for the length of the oligonucleotide required, with
each deoxynucleotide phosphoramidite being added in the desired sequence and building
from 3'-to-5' as shown in Figure 22. At this point, the oligonucleotide is still bound to
the support and has protecting groups on the phosphates and the exocyclic amines of the
bases A, G, and C.

deproteetion
and rein..

-=======:::::..

oligonucleotide ......

Step 1

detritylation

Figure 22. Basic steps in a cycle of nucleotide addition by phosphoramidite method.
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Exocyclic Nitrogen Base Protection and Deprotection for G, A, C
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The next phase of the synthesis involves the deprotection and removal of the

j

I
I!

1
1

j

I

oligonucleotide from the support. The 5'-DMTr group is removed with the same
detritylating agent as used in the assembly cycle. The phosphate protecting groups are
removed by a 3D-minute treatment with thiophenol. The chain is then cleaved from the
support by a one-hour treatment with concentrated ammonium hydroxide. After the
solution containing the DNA is removed from the instrument, the protecting groups on
the exocyclic amines of the bases are cleaved by an 18-hour treatment with concentrated
ammonium hydroxide at 55°C.

1

i

The remaining tritylated (full sequence) strands are separated from failure
sequences and protecting groups by trityl selective reverse phase HPLC as described by

f

I

I

Sheardy (1986). Acetic acid (0.1 M) detritylates the full strands within an hour (Figure
25 (iii)). Preparative reverse phase HPLC separates any dimethoxytrityl alcohol from the
pure oligonucleotide. This method gives high purity DNA, required for detailed analysis.
The purity can be checked by running a native or denaturing gel, which produce an
observed single band upon staining. To check the sequence, two additional avenues are
available. A Maxam-Gilbert (1983) sequencing gel, with a

32p

end label or fluorescent

tags, will provide a complete readout of the base sequence. One set of reactions is
selective for the purines while another set of reactions select the pyrimidines. Secondly,
an enzymatic digest with snake venom phosphodiesterase (SVPD) and bovine alkaline
phosphatase (BAP), at 37°C or 40°C, will convert the strands to mononucleosides. Those
monomers can, in turn, be separated on a CI8 Novapack column using RP HPLC to
verify content and to determine the ratios of the bases, by quantifying peak heights or
areas.
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UVIVIS Spectroscopy:
Light or electromagnetic radiation is composed of photons moving in a wave that

oscillates along the path of motion. The wavelength of light is defined through the
equation A. = c/v where A. is the wavelength, c is the speed of light and v is the frequency.
Photons of different wavelengths have different energies that are given by: E = h ciA. = hv
where h is the Planck's constant. Thus the shorter the wavelength, the greater the energy
of that photon is.

Electromagnetic radiation can be divided into various regions

according to wavelength: the ultraviolet region has wavelengths of 200-400 nm, the

I,

visible region has wavelengths of 400-700 nm, and so on.

1

excitation. Absorption of a quantum of light in the UV-VIS (200

Molecular energy is partitioned among external transitional energy and internal

~

i
1

I

1

I

electronic, vibrational and rotational energy. A quantum of light may be used to affect
1000 nm) range can

result in the excitation of an electron to an excited state, provided a chromophore exists in
the molecule such that: Eexcited

Eground

=

!J. E

=

hv.

Generally, the absorption of

ultraviolet and visible light takes place by molecules with chromophoric groups such as
purines and pyrimidines due their benzyl groups. Any molecule containing one or more

!

~

of such groups will have an absorption band somewhere in the visible or ultraviolet
regIons.
For a given path length, the transmitted light intensity decreases exponentially
with increasing concentration of an absorbing solute. The absorbance is defined as A =
10g(IJIt) = Eel where A is the absorbance or optical density, 10 is the intensity of incident
light, It is the transmitted light intensity, and

E

is the molar absorptivity (or molar

extinction coefficient) with units LM-1cm- l , and c is the concentration in mole per liter
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with unit MIL.

The Beer-Lambert law shows that absorbance is linearly related to

concentration (or path length).

Since absorption strongly depends on wavelength for

nearly all compounds, we must specify the wavelength at which measurement is made.
This is done using a subscript A, indicating the particular wavelength, as AJ... or EA.. For a
single substance at a specified wavelength, EA. is constant, characteristic of the absorbing
sample, and is independent of both c and 1. The wavelength dependence of EA. or AA. is
known as the absorption spectrum of the compound. Deviation from the Beer-Lambert
law can occur for a variety of reasons such as inhomogeneous samples, light scattering by
the sample, dimerization or other aggregation at high concentrations or changes in
equilibria involving dissociable absorbing solutes.
A wavelength at which two or more components have the same extinction
coefficient is known as an isosbestic wavelength. [EA.M=EA.N=Eiso]. At this wavelength,
the absorbance can be used to determine the total concentration of the two components.
Measurements at an isosbestic wavelength plus one other wavelength where the
extinction coefficients differ for the two components provide a particularly simple
solution to the Beer-Lambert Law equations.

[M]

£:

[N]

£;soAI - £t A;so

A;so - £isoAI

(1)

Two common uses of isosbestics are the study of equilibria involving absorbing
compounds and investigations of reactions involving absorbing reactants and products.

1
The presence of isosbestics is used as evidence that there are no intermediate species of

I
1

significant concentration between the reactants and products.
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III

Polyacrylamide Gel Electrophoresis (PAGE):
The fundamental concepts of electrophoresis are relatively straightforward. It is a

transport process in which externally applied electric fields drive charged molecules
through various media. A molecule of charge q in an electric field E experiences a force,

I
I

i,
~

l

F = qE

Frictional, viscous drag opposes the electrical force. In free solution, the

frictional force is linearly proportional to the velocity, v, of the molecule. The magnitude

I

of the viscous drag is fv, in which f, the frictional coefficient, reflects the size and shape

I

of the macromolecule. Under the two opposing forces, molecules rapidly reach steady

f
!
.1

I
!

t

I

state, terminal velocities, with the two forces equal qE = fv. The electrophoretic mobility
of the molecule, 11, defined as the steady-state velocity per unit field, or 11 = vIE = q/f, is a
characteristic property describing the response of the molecule to the electrical fields.
This highly simplified calculation illustrates the basic idea, common to all theories

~

of electrophoresis, that electrophoretic mobility of a macromolecule is proportional to the

1
~

!
I

ratio of its net charge to its frictional coefficient [Compton and O'Grady, 1991].
However, a number of complicating factors are hidden in the apparent simplicity of the
definition of mobility. Both charges and frictional coefficients of proteins and nucleic

j
I

acids are established by their composItion and by the nature of the solvent. Charge and

f

shape are influenced by factors such as pH, by the types and amount of ions in the

I

solutions, and by the denaturants such as detergents, reducing agents, and urea. It is not

1

possible to account for solvent effects on the properties of the macromolecules without

I

I

j
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i
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making major approximations. For example, the counterions surrounding a molecule

I

shield it from the external field. The only mathematical treatment possible for this

I

j

I

important aspect of electrophoresis is for the unrealistic case in which the macromolecule
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is considered to be a unifonnly charged sphere, and even then simplifying assumptions
must be made in order to solve the relevant Poisson equation [Mosher et aI., 1992;
Overbeek and Bijsterbosch, 1979; Tanford, 1961].
Regardless of the mathematical difficulties

In

interpreting electrophoretic

mobilities, the most common means for altering electrophoretic mobilities is to force
sample molecules to migrate through gels in order to take the advantage of molecular
sieving. The interactions between migrating molecules and gel structures are poorly
understood, and this adds yet another element of uncertainty to theories of gel
electrophoresis.

Nevertheless,

there

is much practical

knowledge

about the

electrophoresis of proteins and nucleic acids in different gel systems, so that one can draw
on collective experience to select the appropriate procedure for any particular application.
Polyacrylamide gels are fonned by copolymerization of acrylamide (CH2=CH
CO-NH2) and a cross-linking co-monomer, usually N-N' -methylenebisacrylamide
(bisacrylamide)

Cross-linkers

are

bifunctional acrylic agents that covalently link adjactent linear polyacrylamide chains
[Righetti, 1989]. Cross-linkers other than biscrylamide are available for specialized
purposes.
The gel fonning reaction is a vinyl addition polymerization initiated by a free
radical-generating system [Flory, 1953]. For most gels in common use, polymerization is
initiated by the addition of ammonium persulfate (the initiator) and an accelerator,
tetramethyethylenediamine (TEMED) [Bio-Rad Laboratories, 1993a; Chrambach and
Rodbard, 1971]. In this system TEMED accelerates decomposition of persulfate
molecules into (two each) sulfate radicals and these in turn initiate polymerization. The
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free base of TEMED is required for this reaction. Polymerization efficiency falls rapidly
at pH values below about 6 [Caglio and Righetti, 1993].
A three-dimensional network is formed when bifunctional bisacrylamide
molecules cross link adjacent chains. The rate of polymerization is dependent on (1) the
net concentration of monomers and free radicals, (2) the temperature, and (3) the purity of
the reagents. All of these parameters need to be controlled for reproducible gels. Because
the reaction is dependent on free radicals, any compound that can acts as a free radicals
trap will act as a polymerization inhibitor. Because oxygen is the most abudent radical
trap, proper degassing to remove dissolved oxygen from acrylamide solutions is critical
for absolute reproducibility [Chrambach, 1985]. Nevertheless, completely acceptable
gels can be obtained without degassing.
By convention, polyacrylamide gels are characterized by a pair of values, %T and
%C, where % T is the weight percentage of total monomer, including cross-linker (in
glI00mL), and % C is the proportion of cross-linker as a percentage of total monomer.

The effective pore size of polyacrylamide gels is an inverse function of the percent total
monomer concentration (%T). For any given total monomer concentration, the effective
pore size also varies with the proportion in cross-linker in the reaction mixture (%C).
When %T is increased at a fixed, low-cross-linker concentration, the number of
chains increases and pore size decreases. On the other hand, pore size is a biphasic
function of %C. As %C is varied at a constant %T, pore size decreases to a minimum at
about 5%C. It then increases with further increases in %C, presumably because of the
formation of shorter and thicker bundles of linear chains of olymer [Chrambach, 1985;
Richard and Lecanidou, 1971, 1974].
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The use of high-quality reagents is a prerequisite for reproducible high-resolution
gels. This is particularly true for acrylamide, which constitutes the most abundant
component in the gel monomer mixture. Residual acrylic acid, linear polyacrylamide, and
ionic impurities are the major contaminants of low-grade acrylamide preparations.

IV.

Circular Dichroism:
Plane polarized light is light where the electric vector E oscillates sinusoidally in a

single plane. In circular polarized light, the plane polarized electric field vector relates
about the direction of propagation. The direction of rotation may be either left or right
handed relative to the propagation axis. For circularly polarized light E

=

iEo sinrot,

where i is a unit vector in the x direction, and ro = 21tV is the circular frequency of the
light. After passing through an optically active absorbing sample, the light is changed in
two aspects. The maximal amplitude of E is no longer confined to a plane; instead it
traces out an ellipse (Figure 26). E is an elliptical screw, however the projection of E
onto the x-y plane perpendicular to the propagation direction is an ellipse. The ellipticity
of the light is one measure of optical activity.
When a compound is alternately irradiated by left- and right-handed circularly
polarized light it may either absorb the polarizations to a different extent, or reduce the
velocity of each to a different degree. The first interaction can be observed mainly during
electronic transitions in the UV spectrum and is measured as a differential absorption also
called circular dichroism (CD). The second process appears as a rotation of the direction
of vibration of linearly polarized light in both UV and visible regions of the
electromagnetic spectrum called Optical Rotatory Dispersion (ORD).
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For circular

dichroism the differential absorption is observed directly as M

= Cb~E

where b is the

path length and ~E = EL-ER. Often molar ellipticity [e] is used where
,

[elA = e AmlI00Lc

1

(2)

~1

1

1

where [e], the observed ellipticity in degrees is defined by tan-Ie

=

b/a in which b is the

minor axis and a is the major axis of the polarization ellipse. For example, an ellipse

1'1
j

~~

with a minor/major axial ratio 1/100 will have an ellipticity of 0.57 degree.
orientation of the ellipse corresponds to optical rotation.

The

The optical rotation as a

function of wavelength is called the optical rotatory dispersion (ORD).
The optical activity of small molecules arises from their lack of symmetry. In
macromolecules, conformations can affect optical activity. Just as in absorption spectra,
interactions between neighboring chromophores play an important role. The asymmetry
maybe:
1. Inherent in the structure of a molecule such as glyceraldehyde
2. A property of the crystalline form of the substance such as quartz, and not apparent at
all in the liquid and gaseous states;
3. Due to conformation, as in double helical DNA, and helical form of a protein.
4. Induced in an achiral molecule if it interacts with a chiral molecule such as DNA or
protein (e.g. a drug intercalated in double helical DNA).
Optical rotation varies mainly with wavelength, optical path length, temperature,
and density, and in the case of solutions, the concentration of optically active analyte.

\

I

I
<~

j

Dye molecules such as acridine, proflavin, and ethidium, exhibit strong binding to
biopolymers, such as proteins, nucleic acids, or polysaccharides in aqueous solutions.
Such interactions can lead to induce CD in the absorption region of the bound dye.
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Conversely, the presence of an induced CD band is indicative of interactions between the
dye and the biopolymer.

Circularly
Polarized Light
Light
Source

~
Circular
Polarizer Left

Preferential
Absorption

Detector

Figure 26. (A) Block diagram of a CD spectrophotometer showing the origin of optical
activity and (B) Elliptically polarized light produced by passing the incident light through
an optically active sample. e and <I> are the ellipticity and optical rotation respectively
caused by the optically active sample.
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B.

Methods and Materials
DNA oligomers were either synthesized and purified in the lab or were purchased

J

,I
l

1
,
~

I
I

as their HPLC purified forms from Research Genetics Inc. DNA oligomers synthesized
in the lab were HPLC purified. The oligomers were then exhaustively dialyzed vs. water

using SpectraIPor 1000 molecular weight cut-off dialysis membranes and then

1,

!

i

lyophilization to dryness. The purity of oligomers was checked by polyacrylamide gel
electrophoresis under denaturing conditions. The lyophilized DNA samples were

i

reconstituted in standard TBE buffer (100 mM Tris-Borate, 0.02 mM EDTA, pH 8.2),

1

heated and analyzed by denaturing PAGE at 65°C. The purity of the oligomers was

I
~

I

I
1
i

verified by a single electrophoretic band obtained from the denaturing gel experiment
(Figure 27). The concentrations of DNA were calculated spectrophotometrically using the
Beer-Lambert law where the standard extinction coefficient values
stranded oligomers were reported in Table 1.

1
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!
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I

I

I
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(S260)

for single

Table 1:

Calculated Extinction Coefficient Values

Single Stranded Oligomer Extinction Coefficient (&260), Liter'mole-1'cm- 1
d(G2T2G2)

5.860 x 104

d(G3T2G3)

7.880 X 104

d(G4T2G4)

9.900 x 104

i d(G sT2G s)

1.192 x 10'

d(GsT2Gs)

1.798 x 10'

i

d(G4T3G4)

1.071

i

d(G4T4G4)

1.152 x 10'

d(G4T sG4)

1.233 X 105

d(G4T6G4)

1.314 X 105

d(T4GsT4)

1.476 X 105

i

X

105

The formation of quadruplex was carried out by heating the samples at 95°C for 10
minutes, cooling to room temperature, and then incubating for 48 hrs at 4°C prior to use.
The quadruple xes were characterized using 16% PAGE gel electrophoresis under native
conditions and with circular dichroism. Furthermore, additional salts were added to the
standard TBE buffer to facilitate the DNA self-assembly or formation of multi stranded
species.
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Figure 27. Typical electrophoretic pattern of 20% denaturing gel electrophoresis in
standard TBE buffer. Lane 1, tracking dye; lane 2, G2T2G2; lane 3, G2T2G2, lane 4,
G3T2G 3; lane 5, G3T2G3; lane 6, G4T2G4; lane 7, G4T2G4, lane 8, G4T6G4; lane 9, G4T6G4;
lane lO, G ST2GS. 0.05 Ilg of sample was reconstituted in running buffer, heated at 65°C,
and ran at 65°C. Running dye was added to each sample just prior to being loaded into the
welL

L

Design ofDNA oligomers:
Oligomers possessing the general sequence GxT2Gx (x = 2, 3, 4, 5, and 8) and

G 4TyG4 (y = 3, 4, 5, 6, and 8) were designed to assess the effects of sequence and on the
self-assembly of higher order structures formation as depicted in Figure 17. Various
buffer and DNA concentrations were used to address the influence of environmental
conditions on the self-assembly process as listed in Table 2 and 3.
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DNA Oligomers
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1I

Category 2

Category 1

I

G2T2G2

G4T3G4

t

G 3T2G 3

G4T4G4

G4T2G4

G4 TSG4

I

GST2GS

G4T 6G4

1

GgT2Gg

G4TgG4

I

1j

I
!1

t
~

II

I

Figure 28: DNA oligomers designed to address the sequence effects on the self-assembly
containing G xT 2G x (x 2,3,4,5, and 8) and G4Ty G4 (y 3,4,5,6, and 8), where
category 1 oligomers were used to address the influence of G-segment at their tenninus
and category 2 were used to address how the length of the thymine linker between the two
G-segments affects the self-assembly to multi stranded structures.

Environmental Conditions

1

I

f

Table 2:

Polyacrylamide Gel Electrophoresis Studies

!

Cation

~
K+
0
Mg2+
Ca2+

0
0

Table 3:
Cation
Na+
K+
Mg,l+

Ca:l+

I

Experimental Concentration (mM)
0
0
0
100 100
0
100
0
0
0
0
100
100
25
0
5
5
0
0
0
0
0
100
0

0
100
25
0

Cicular Dichroism Studies

100
0
0
0

Experimental Concentration (mM)
0
0
0
0
0
0
100 100 100
100
0 =0
10
100
0
0
15
5
100
0
0
0
0
0
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0
100
20
0

II

UV- VIS Spectroscopy Studies:
The DNA concentration was detennined using a Cary UV-VIS spectrophotometer

interfaced with a personal computer. UV absorption spectra were recorded from 220 nm
to 320 nm at room temperature using a 0.01 mm cell. The maximum absorbance at the
wavelength of 260 nm (AA.=26o) was recorded for each oligomer. The extinction
coefficient values of all oligomers were calculated using ProComm, version 2.4 software.
The concentrations of DNA were calculated spectrophotometrically using the Beer
Lambert law where the extinction coefficient values (&2~ for single-stranded oligomers
are reported in Table 1. From the Beer-Lambert law, the DNA concentration (C) is equal
to absorbance at 260 nm (AA.=26o) divided by the extinction coefficient (&) times the cell
path length (b).
For example: C

= 0.69567/(5.860X104 Liter'mole-l'cm- l) (0.1 cm) = 11.872XI0-5

mole'Liter, where AA.=26o = 0.69567, &= 5.860XI04 Liter'mole-1'cm- l, and b = 0.1 cm).

III

Polyacrylamide Gel Electrophoresis (PAGE) Studies:
Non-denaturing polyacrylamide gel electrophoresis (pAGE) experiments were

carried out using the DNA purified oligomers (mentioned earlier). Various aliquots
(depending on the DNA concentration used) of each stock oligomer were transferred into
separate eppendof tubes and lyophilized. Each DNA oligomer was prepared by
reconstituting the lyophilized DNA sample in standard TBE buffer with monovalent
and/or divalent salts (NaCI, KCI, MgCh, and CaCh) added to the buffer concentration as
designated in the Table 1. The native loading buffer contained standard IX TBE buffer
with the appropriate concentration of salts, 5.0% glycerol, and tracking dye. The tracking
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:xx and Bromophenol Blue (BIO-RAD,

j

dye consisted of 0.02% each of Xylene Cyano

l

Richmond, CA). All salts were purchased from Sigma Chemical Co. (St. Louis MO).

1
'1
1

Each sample was then heated to 90°C for 10 minutes followed by a slow cooling to 4°C

i

and storage for 48 hours at 4°C prior to electrophoresis to ensure equilibration of

j

secondary structure. This is our standard protocol for preparing samples for gel

!

electrophoresis and CD studies. Various DNA concentrations (0.01 to 1 mM of DNA

1

oligomers) were loaded onto the gel to investigate the influence of DNA concentration on

j

the self-assembly.
All polyacrylamide gel experiments were cast and run on Hoeffer Electrophoresis
System, Model 600 series vertical slab gel electrophoresis unit (depicted in Figure 29).
Each gel had a dimension of 16 cm (vertical) x 14 cm (width) x 1.5 mm (thickness).
Each comb was casted for 12 wells, where each well has a width size of 0.5 cm. The
vertical length from the bottom of each well to the bottom of the plates was 13.5 cm.
Constant temperatures throughout each electrophoresis experiment were maintained with
the use of a Fisher Scientific Refrigerated Circulator (Model 9100). Acrylamide solutions
contained 16% total acrylamide [19:1 acrylamide:bis(acrylamide)] and IX TBE with the
appropriate salts. The sample used in the sample preparation (loading buffer) was used in
the acrylamide gel solution, as well as, the reservoir running buffer. The same TBE and
salt concentrations (see Table 2 and 3) were therefore maintained throughout the
electrophoresis experiment. For some experiments, selected salts were omitted (or
reduced in concentration) from either the loading buffer or the acrylamide gel solution in
order to assess the effect of cation concentration on the electrophoretic banding patterns
and intensities. These variations will be noted in the text and figure legends.
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Acrylamide gels were polymerized using ammonium persulfate (BIO-RAD) and

1
~

TEMED (Sigma Chemical). Polymerized gels were allowed to set for a minimum of one-

~

hour prior to use. Under native conditions, the acrylamide gel and reservoir running

i
Ii

1

buffer were cooled to 4°C. The equilibrated samples were loaded cold (at 4°C) onto the
cold acrylamide gels. Electrophoresis was carried out at a constant voltage of 100 volts (8
V/cm) and at 4°C temperature throughout the experiment. Electrophoresis experiments
generally ran 16 to 19 hours depending on the cation concentration in the given system.
For denaturing gel electrophoresis experiments, lyophilized samples were
reconstituted in denaturing loading buffer (90% formamide, IX TBE, 0.2% tracking dye).
Denaturing acrylamide gels were 16% total acrylamide [19:1 acrylamide:bis(acrylamide)]
with IX TBE and 6.0 M urea (Sigma Chemical). Electrophoresis was carried out at a
constant 100 volts and 65°C temperature. The concentration of 6.0 M in urea, 65°C
temperature and lack of additional salts ensured the presence of only single stranded
DNA as indicated by the single electrophorectic band in Figure 27.
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Solutions initially layered here
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electrode
vessel

Gel cast between glass
plates. Notches are cast
In the top of the gel to
receive samples

Separated - - - 
components
Dye

Lower -------
electrode
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Figure 29. Schematic of gel electrophoresis system [Mathews and van Holde, 1990].

Visualization of the DNA bands was carried out by soaking the gels in a Stainsall
(BIO-RAD) solution for several hours. The Stainsall solution contained 45% formamide,
55% water, 0.1 % Stainsall. Permanent records of the gels were recorded using a highresolution optical scanner (Hewlett Parker, Palo Alto, CA). Tracking dye consisted of
Xylene cyanol FF and bromophenol blue. (Bio-Pad, Richmond, CA). All digital images
were saved as *.TIF format and were later edited using Adobe Photoshop 5.5 (Adobe
Systems Incorporated, San Jose, Ca) and Microsoft Word 2000 and PowerPoint 2000
(Microsoft, Richmond, WA) for presentation and publication.
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IV.

Circular Dichroism Studies:

1

I

spectropolarimeter (Aviv Associates, Lakewood, NJ) at 25°C. All CD spectra were read

I

from 320 to 220 run at 1.00 run increments with 1.5 run bandwidth and a time constant of

1i

l

CD spectra were obtained using an AVIV 62A DS circular dichroism

1.0 second. The average of three spectra was stored as the final CD spectrum for each

j

'j

oligomer in each buffer system.

1

I

An aliquot of stock DNA oligomer was transferred into an Ependorf tube

.l

i

!

Ii

according to its concentration (0.01 mM) calculated from their extinction coefficient
values. The samples were lyophilized and reconstituted in 400-IJL standard TBE buffer
with various buffer conditions as tabulated in Table 2.

The resulting strand

l

concentration of each DNA oligomer was calculated from its absorbance and extinction
coefficient collected from UV and calculated by ProComm v2.4 software, respectively.
The resultant DNA oligomers were place in a low volume CD cell with a 0.1 cm path
length.
The CD Spectropolarimeter was interfaced with an mM PCll computer and
controlled using AVIV DS software, version 4.1 t. Data was collected every 1.0 run
yielding 100 ellipticity vs wavelength data points per CD spectum. AVIV plot software
was used to subtract the buffer cell blank from each sample scan. The CD spectra were
smoothed using the Aviv software and imported into Microsoft Excel 2000 (Microsoft,
Richmond, WA).
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RESULTS AND DISCUSSION
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There is a considerable interest in investigating DNA oligomers that possess
contiguous G bases and fonn four-stranded structures. These contiguous G bases are
found in telomeric DNA, which consist of many G-rich segments. From both a structural
and a biological view points, the investigation of these unique oligomers allows us to
understand their molecular behaviors of how they self-assemble into supramolecular
structural confonnations that can be used for nanotechnology and biological applications.
Recent studies indicate that the resultant supramolecular architecture fonned by DNA
self-assembly is highly dependent on the sequence of the DNA and the conditions under
which it is prepared. For example, T4G4 and T2G4 fonn simple parallel stranded
quadruplexes (Sen & Gilbert, 1998; Lu et aI., 1993; Wang & Patel, 1992; Grupa et aI.,

l

!

1993; Williamson, 1994). An early study on G4TxG4 oligomers indicated fonnation of a

1
!

four-stranded quadruplex when x = 1, fonnation of a quadruplex from the association of a

II

two fold back structure when x

!

3 or 4, and a mixture when x

2 (Balagurumoorthy et

aI., 1992). Previous studies by NMR confinned the preferred confonnation for G4T4G4
as a bimolecular fold-back structure (depicted in Figure 8c). However, the exact
orientation of the T4 loops is still under debate (Kang et aI., 1992; Smith & Feigon, 1992;
1993; Mohanty & Bansal, 1994; Stranhan et al., 1994). In addition, two independent

61

groups have observed similar multi stranded structures for oligomers possessing G4TI-4G4
sequences (Dai et aI., 1995 and Marsh & Henderson, 1994).
As discussed earlier, the environmental conditions play an important role in the
formation of four-stranded structures. Previous studies have indicated that K+ is a more
effective cation for inducing quadruplex formation than Na+ for simple oligomers with
single Gx (x

2-4) segments (e.g. T4G4, T4G4T, or T9G3) and may aIso give rise to

different conformations and/or stabilities (Sen & Gilbert, 1990, 1992; Hardin et aI., 1992;
Lu et aI., 1993; About-Ela et aI., 1994; Ross & Hardin, 1994; Willamson, 1994).
Induction of multi stranded DNA formation by both K+ and Na+ has been reported in
which a more stable form has been observed in the presence ofK+ (Marsh & Henderson,
1994). In addition, Mg2+ has not been shown to have a favorable influence on the
quadruplex formation (Hardin et aI., 1992). However, induction of multi stranded DNA
formation was observed with C4T4G4TI-4G4 in the presence of both K+ and Mg2+ but not
in K+ alone (Dai et aI., 1995). Also, formation of higher ordered structures (such as "G
Wires" as depicted in Figure 3) from G4T2G4 were much longer in Na+ plus Mg2+ or K+
plus Mg2+ as indicated by electron scanning microscopy studies (Marsh et aI., 1995).
The study presented here will dwell on the ability of the oligomers possessing
various terminaI G-segments to self-assemble to multi stranded structures. Previous work
by Marotta et aI' indicated that multi stranded structure formation is influenced by both
the sequence of the DNA oligomer as well as the conditions of sample preparation such
as type of ion, DNA concentration, and buffer concetration. These results confirm the
formation of multi stranded structures from DNA oligomers possessing G xT2Gx segment
at their terminus (where x

2, 3, 4, 5, and 8) and G4TyG4 (where y = 2, 3, 4, 5, 6, and 8).
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Oligomers from both categories demonstrate the influence of sequence on the formation
of higher ordered species as shown by gel electrophoresis and CD.
From the study, DNA oligomers are grouped into two different categories as
described in Figure 28. Each category is created to address how variations of the DNA
sequence influence the DNA self-assembly. The oligomers from category 1 are generated
to possess a GxT2Gx segment (where x

=

2, 3, 4, 5, and 8). The size variation of the

terminal guanine at the 5' and 3' ends is used to evaluate the effect of terminal G
segments on the self-assembly.

Early studies indicated that only DNA oligomers

possessing two G4 segments at their terminus with a thymine-linker of T2 were observed
to self-assemble to higher order forms such as C4T4G4T2G4 (Marotta et al. 1996) and
G4T2G4 (Dai et al. 1995). Therefore, this study will provide some answers to as how the
terminal G segments of the oligomers will influence the stability of the self-assembly of
single stranded oligomers to multi stranded structures. The category 2 oligomers are
specifically synthesized to possess G4Ty G4 segment (where y

=

2, 3, 4, 5, 6, and 8).

These oligomers will address the effect of thymine bases (Ty segment between two G4
terminus) on the self-assembly by varying the length of the T-linker. Variation on the Tlinker length will help us understand the flexibility and stability of the self-assembly due
to the contribution of the linker size.

In order to understand the effect of DNA

concentration, buffer concentration, and natural properties of the ions on the selfassembly, the experimental conditions summarized in Table 2 and 3 were chosen to
evaluate how the sample preparation (e.g. buffer, natural properties of the ions [ionic
charge and size], ionic strength, pH, concentration [buffer and DNA], and temperature)
will influence the self-assembly of multi stranded structures.
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The environmental

II
I

conditions are divided into four sets. Each set of conditions represents each ionic species

I
1

or buffer condition (Na+, K+, Mg2+, and Ca2+) used to prepare the sample (see legends

t

from figures).

I
j
I

A.

Polyacrylamide Gel Electrophoresis Experiments:

!

As mentioned earlier, nondenaturing polyacrylamide gel electrophoresis is used to

!

evaluate the DNA self-assembly that is affected by the sequence and experimental

i

I

condition at which it is prepared. The electrophoretic information helps us to determine
the size, the shape and the charges of the resultant multi stranded species that are
generated by the self-assembly process.

From the gel electrophoresis data, we can

qualitatively discriminate between low molecular weight (e.g. hair-pin dimers) and high
molecular weight (e.g. quaduplexes or multi stranded structures) species according to their
electrophoretic mobilities. The unique electrophoretic bandings that are generated by the
DNA self-assembly can provide distinctive signatures that allow us to distinguish various
types of structure formation. Note that the electrophorectic mobility migrates from the
top portion of the gel to the bottom portion of the gel. Therefore, the high mobility bands
that are shown at the bottom of the gel result from the formation of low molecular weight
species (small size and/or compact molecules) generated by the DNA self-assembly,
while the low mobility bands appear at the top of the gel indicate the presence of high
molecular weight species. Table 2 summarizes the experimental conditions that are used
to prepare the DNA samples.
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The Effect o/Sequence and Sample Preparation on Quadruplex Formation:
The electrophoretic gel of DNA oligomers from both categories were prepared

and run in four different sample conditions as shown in Figure 30 - 33 (see legends). As
evidenced, the number of ladder bands with various mobilities and intensities from the

I
!
l

1

electrophoretic patterns obtained from 100 mM Na+ (Figure 30), 100 mM K+ (Figure 31),
100 mM Mg2+ (Figure 32), and 100 mM Ca2+ (Figure 33) indicate the formation of
multi stranded species. Note that the samples were prepared using the same DNA

,

concentration (0.01 mM) for consistent comparison. According to the gel data, distinct

t

electrophoretic patterns can be observed for each gel condition based on their mobilities,

,

intensities, and the number of ladder bands that are generated by each sample condition at
which it is prepared. The unique differences from the gel data represent various type of
multi stranded or high ordered structures formed by the DNA self-assembly.
From Figure 30, only lane 3 to lane 5 (representing G4T2G4, G sT2GS, and GsT2GS,
respectively) self-assemble into high molecular weight species while all other oligomers
can only form low molecular weight species in 100 mM Na+. This is evidenced by the
low mobility banding on lane 3 to lane 5 as compared to the high mobility banding from
lane 1 to lane 2 and lane 6 to lane 10 in 100 mM Na+ (Figure 30). On the other hand, the
gel data from 100 mM K+ (Figure 31), 100 mM Mg2+ (Figure 32), and 100 mM ci+
(Figure 33) display moderate formation of high molecular weight species in lane 3 to lane
10 with the exception oflane 1 and 2 as seen in Figures 31 - 33. Since lane 1 and 2
contained G2 and G3 segments at their terminal ends, self-assembly of higher order
structures is very minimal in all four sample conditions (100 mM Na+, 100 mM K+, 100

mM Mg2+, and 100 mM Ca2+). The same observation was reported by Marotta et al. and
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Dai et al. in which a minimum of four guanines at both tenninal segments are required to
self-assemble to higher order structures in 100 mM K+ and Na+.
Based on the gel results, a minimum of four guanine bases are needed to self
assemble in 100 mM Na+ and 100 mM K+ as shown in Figure 30 and 31. When the
2
sample is prepared in the presence of divalent cations (100 mM Mg2+ or 100 mM Ca +)
lane 3 to lane 10 demonstrate significant induction on fonnation of high molecular
weight species as shown in Figure 32 and 33, as observed from the number of high
intensity bands at the low mobility field in the gels. Even a moderate fonnation of high
molecular weight species from G 2T2G 2 and G3T2G3 oligomers are detected in Mg2+ and
2
Ca + as designated by the decrease in mobility bandings from monovalent to divalent
condition on lane 1 and lane 2. This suggests that there is a stronger influence of a
divalent cation over a monovalent cation on the self-assembly. In addition, when
comparing the electrophoretic patterns between Figure 32 and 33, the overall gel pattern
in Ca2+ reveals more intense and tighter ladder bands with much lower mobility bands

than Mg2+. This may indicate the important role on how ionic size and charge influence
the DNA self-assembly to fonn higher order structures.
There is a moderate intensity observed from lane 4 and lane 5 in 100 mM Mg2+
and 100 mM Ca2+ (Figure 32 and 33). This observation suggests that the effect of
sequence also playa major role in the DNA self-assembly even in Mg2+ and Ca2+ where
the self-assembly is most significant. The comparison between lane 4 (GsT2G S) and lane
5 (GgT2Gg) to other oligomers demonstrates that self-assembly is minimal as a result of
the effect of DNA sequence. Also, a very low intense mobility band ofG4T2G4 (lane 3
specifically) conflnns the sequence effect on DNA self-assembly under 100 mM Na+,
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100 mM K+, 100 mM Mg2+, and 100 mM Ca2+ when comparing to other oligomers under
the same conditions.
To further investigate the sequence effect on the self-assembly, category 2
(containing G4TyG4 segment, where y = 2,3,4,5,6, and 8) oligomers were used to
evaluate the effect of the thymine linker (thymine bases separated both tenninal G
segments) on the self-assembly. The electrophoretic patterns from lane 6 to lane 10 in
Figure 30 do not reveal any fonnation of multi stranded structures in 100 mM Na+. In
addition, only moderate fonnation of high molecular species is detected in 100 mM K+
while more extensive low mobility bands are found in 100 mM Mg2+ and Ca2+. This
result suggests that the length of the thymine linker has some influence on the self
assembly, but it seems to be minor because insignificant ladder banding from G4T6G4 is
detected in lane 9 (Figures 31 to 33). From the gel data, the self-assembly of
multi stranded structures is moderately influenced by the category 2 oligomers in 100 mM
K+, 100 mM Mg2+, and 100 mM Ca2+ but not inl00 mM Na+. The comparison from
different salt conditions suggests that Na+ is the optimal condition for stabilizing the self
assembly of category 2 oligomers.
The effect on the environmental conditions on the self-assembly is very
significant for both category 1 and 2 oligomers. The electrophoretic patterns from Figure
30 to 33 indicate a strong induction on the fonnation of higher order structures by the
monovalent and divalent cations since their ionic charges and sizes correlate to their
structure stabilities. The electrophoretic mobilities indicate the following order of
influence on higher order structures fonnation from the DNA self-assembly: Ca2+ > Mg2+
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> K+ > Na+. The order of the cations seems to correlate to the ionic charge and the size
of the cations.

II

The Effect ofDNA Concentration on Quadruplex Formation
Only a few major species are associated with the formation of multistanded

structures in 100 mM K+ with 0.01 mM of DNA concentration (Figure 31). Therefore
only moderate numbers of intense ladder bands were detected with the oligomers of both
categories. To evaluate the effect of DNA concentration on the self-assembly, four
different DNA oligomer concentrations (0.01 mM, 0.1 mM, 0.5 mM and 1.0 mM) were
used to prepared the sample in 100 mM K+. Potassium is selected for this study due to its
moderate influence on the self-assembly process with minimum oligomer concentration
(initial conc., 0.01 mM). From the electrophoretic patterns in Figure 31, 34, 35, and 36,
the oligomer concentration has a significant effect on the self-assembly of higher order
structures and their conformations. The multi stranded species that are generated by the
experiment can be observed from the numbers of ladder bands obtained by the gel. For
instance, distinct ladder bands vary with increased DNA concentration as observed from
the characteristic differences from lane 3 to lane 6 in Figure 35 and 36. Based on the data
from lane 3 (G4T 2G4), the numbers ofladder bands are uniform and consistent at a 0.5
mM DNA concentration. However, the numbers of ladder bands become distinctively
more narrow and intense when the DNA concentration is increased to 1.0 mM. This
demonstrates the effect of DNA concentration on the self-assembly process. It also
reveals the formation of higher order structure or uniform molecular weight species as
evidenced by the similar ladder banding in lane 3. On the other hand, lane 6 (G4T3G4)
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reveals two distinct number of ladder banding when prepared at 0.5 mM (Figure 35) and
1.0 mM (Figure 36) DNA oligomers. These are supported by the consistent doublet gel
banding in lane 6 which is generated at 0.5 mM DNA oligomer and by the disappearance
(or conversion) of this doublet ladder banding when prepared at 1.0 mM DNA oligomer.
Based on the electrophoretic patterns obtained from all oligomers, all sequences are
affected by increase in DNA concentration from 0.01 mM to 1.0 mM as indicated by the
defined gel patterns from the gel electrophoresis data.
Since varying oligomer concentrations reveals unique electrophoretic patterns that
give a distinct number of ladders bands, intensities, and mobility profiles, various
structural conformations or configurations can be monitored under various sample
conditions. Therefore, the effect of the DNA sequence on the formation of high
molecular weight species can be observed by the distinct electrophoretic bands such as
the banding from lane 7 and lane 9 in 0.5 mM DNA concentration (Figure 35) and 1.0
mM DNA concentration (Figure 36). The partial formation of higher order structures
from G4T4G4 and G4T6G4 (lane 7 and lane 9) are affected by the sequence composition
when comparing to the other sequences. This effect of sequence on the DNA self
assembly not only can be observed by the DNA concentration studies but also by various
buffer conditions (Figure 30, 37, 32, and 38). This indicates the unique influence of DNA
sequence on the formation of multi stranded species and their selective conformations.
Based on the gel results from Figures 30 and 37, an increase in DNA
concentration in 100 mM Na+ facilitates the self-assembly significantly from 0.01 mM to
0.5 mM. The gel comparison between 0.01 mM DNA concentration (Figure 32) and 0.5
mM DNA concentration (Figure 38) displays similar behavior when prepared in 100 mM
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Mg2+. Note that the electrophoretic patterns in Figures 32 and 38 have a very tight
number of intense ladder bands with lower mobility profiles due to the influence of the
divalent cations used to prepare the samples. The same behavior has also been observed
by the electrophoretic patterns obtained from gels that were run in 100 mM Mg2+.

III

The Effect ofMagnesium on Quadruplex Formation
To further our understanding of the effect of Mg2+on DNA self-assembly and its

cooperative nature with various monovalent ions, samples of 0.5 mM of DNA oligomers
were prepared in 5 mM Mg2+/100 mM Na+ (Figure 39), 25 mM Mg2+/lOO mM Na+
(Figure 40),5 mM Mg2+/lOO mM K+ (Figure 41) and 25 mM Mg2+/lOO mM K+ (Figure
42). From the gel data in Figure 39 - 42, distinct electrophoretic patterns were detected
when the gels were run in Na+ and K+ with added Mg2+. These patterns point out the
critical role of how the DNA self-assembly is induced by the ionic properties of the salt
used in the experiment. According to the gel data from Figure 39 and 40, the presence of
Mg2+ induces the formation of very intense ladder bands. The induction also depends on
the gradual increase in Mg2+ concentration. This was shown by the very strong intensity
of high mobility bands from the Na+ system represented by lane 1 to lane 10 in 5 mM
Mi+/lOO mM Na+ (Figure 39). The opposite behavior is observed with an increase of25
mM Mg2+ concentration in 100 mM Na+ (Figure 40). A comparable outcome is detected
in the K+ system where the mobilities of all the oligomers (lane 1 to lane 10) in 25 mM
Mg2+/100 mM K+ (Figure 42) become much tighter in number of bandings with lower
mobility gel profiles while a less extreme gel bandings are obtained in 5 mM Mg2+/1 00
mM K+ (Figure 41). This suggests that Mg2+ has a synergistic effect on the self
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assembly of higher order structures with other monovalent cations (e.g. Na+ and K+).
These can be noticed by the formation of intense numbers of tighter ladder bands
generated by the increase in Mg2+ concentration in 100 mM Na+ and 100 mM K+ (gel
comparison from Figure 39, 40, 41 and 42). This behavior has been reported by Dai et al.

j

(1995) and Marotta et al. (1996) who reported that the presence of two G4 segments

j

1

(G4T2G4 and C4T4G4Tl-4G4) in 100 mM K+ plus 20 mM Mg2+ provided more efficient
conditions to form longer and more complex multistranded structures.

l

the N a+ system. However, the increase of Mg2+ concentration in 100 mM N a+ facilitates

I

the formation of higher molecular weight species for G4T4G4 and G4T6G4 but only

!

J

moderately. When comparing to the influence of Mg2+ concentration in 100 mM K+, the

1

facility of the formation of higher molecular weight species is very significant for G4T4G4

!

and G4T6G4. This indicates the important role of magnesium on the self-assembly of
muItistranded or higher order species.

IV.

The Effect o/Temperature on Sample Preparation and Quadruplex Formation:
To evaluate the influence of temperature on self-assembly, samples were prepared

in 100 mM Na+ and 100 mM K+. The samples were heated for 20 minutes instead of 10
minutes in our standard sample preparation. The sample was then slowly cooled to 4°C
and allowed to equilibrate at 4°C for 48 hours prior to loading on the gel. The
temperature study allowed us to monitor the completion of the denaturation process based
on the heating time used in the experiment. The study indicated the optimal heating time
to degrade the sample during the denaturation process. According to the gel data from
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100 mM Na+ (Figure 30 vs Figure 43) and 100 mM K+ (Figure 36 vs Figure 44), similar
electrophoretic patterns were obtained from both 10 minutes and 20 minutes heating
time. This confirms that the sample is stable within the experimental heating conditions.
In addition, a minimum of 10 minutes of heating time is required to completely denature
the sample since 5 minutes heating was insufficient in generating intense ladder bands
using 0.01 mM DNA concentration for these particular oligomers (data not shown). Note
that some DNA oligomers display some minor differences in their electrophorectic
bandings and mobilities due to the influence of temperature. The result indicates that the
influence of temperature on the DNA oligomers is very minor, providing that a sufficient
annealing temperature is used in the preparation.
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Figure 30: Effect of sequence and environmental conditions on DNA oligomers in
standard TBE buffer with 100 mM Na+, Lane 1, G2T2G2; lane 2, G3T2G3; lane 3, G4T2G4,
lane 4, GST 2 GS; lane 5, G ST2GS; lane 6, G4T3G4; lane 7, G4T4G4, lane 8, G4TsG4 ; lane 9,
G4T6G4; lane 10, G4TSG4. 0.01 mM of sample was reconstituted in running buffer, heated
for 10 minutes at 90°C, allowed to slowly cool to 4°C, and stored at 4°C for 48 hours
before electrophoresis. Running dye was added to each sample just prior to being loaded
into the well.

73

1

2

3

4

6

5

7

8

9

10

Figure 31: Effect of sequence and environmental conditions on DNA oligomers in
standard TBE buffer with 100 mM K+. Lane 1, G2T2 G2 ; lane 2, G3T2 G 3 ; lane 3, G4T2 G4 ,
lane 4, GST 2 GS ; lane 5, G ST2 GS; lane 6, G4T 3 G4 ; lane 7, G4T 4 G4 , lane 8, G4 T sG4 ; lane 9,
G4 T 6G4 ; lane 10, G4 TsG4 • 0.01 mM of sample was reconstituted in running buffer, heated
for 10 minutes at 90°C, allowed to slowly cool to 4°C, and stored at 4°C for 48 hours
before electrophoresis. Running dye was added to each sample just prior to being loaded
into the well.
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Figure 32: Effect of sequence and environmental conditions on DNA oligomers in
standard TBE buffer with 100 mM Mg2+. Lane 1, G 2T 2G 2; lane 2, G3T2G3; lane 3,
G 4T 2G4, lane 4, G 5T 2G 5; lane 5, GST2GS; lane 6, G4T3G4; lane 7, G 4T 4G 4, lane 8, G4T5G4;
lane 9, G4T6G4; lane 10, G 4TsG4. 0.01 mM of sample was reconstituted in running buffer,
heated for 10 minutes at 90°C, allowed to slowly cool to 4°C, and stored at 4°C for 48
hours before electrophoresis. Running dye was added to each sample just prior to being
loaded into the well.
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Figure 33 Effect of sequence and environmental conditions on DNA oligomers in
standard TBE buffer with 100 mM Caz+. Lane 1, GzT.zGz; lane 2, G 3TzG3; lane 3,
G4TZG4, lane 4, GST2GS; lane 5, GgTzGg; lane 6, G4T3G4; lane 7, G 4T4G 4, lane 8, G4T5G4;
lane 9, G4T6G4; lane 10, G4T gG4. 0.01 mM of sample was reconstituted in running buffer,
heated for 10 minutes at 90°C, allowed to slowly cool to 4°C, and stored at 4°C for 48
hours before electrophoresis. Running dye was added to each sample just prior to being
loaded into the well.
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Figure 34: Effect of sequence and environmental conditions on DNA oligomers in
standard TBE buffer with 100 mM K+. Lane 1, G 2T2G2; lane 2, G3T2G3; lane 3, G 4T2G4,
lane 4, GsT 2G S; lane 5, GgT2Gg; lane 6, G4T3G4; lane 7, G 4T4G4, lane 8, G4TSG4; lane 9,
G4T6G4; lane 10, G4T gG 4. 0.1 mM sample was reconstituted in running buffer, heated for
10 minutes at 90°C, allowed to slowly cool to 4°C, and stored at 4°C for 48 hours before
electrophoresis. Running dye was added to each sample just prior to being loaded into the
well.
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Figure 35: Effect of sequence and environmental conditions on DNA oligomers in
standard TBE buffer with 100 mM K+. Lane I, G 2T2G2; lane 2, G 3T2G3; lane 3, G4T2G4,
lane 4, G ST 2GS; lane 5, GgT2G g; lane 6, G4T3G4; lane 7, G4T4G4, lane 8, G4TsG4; lane 9,
G4T6G4; lane 10, G4TgG4. 0.5 mM sample was reconstituted in running buffer, heated for
10 minutes at 90°C, allowed to slowly cool to 4°C, and stored at 4°C for 48 hours before
electrophoresis. Running dye was added to each sample just prior to being loaded into the
well.
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Figure 36: Effect of sequence and environmental conditions on DNA oligomers in
standard TBE buffer with 100 mM K+. Lane 1, G2T2G2; lane 2, G 3T2G3; lane 3, G4T2G4,
lane 4, G ST2GS; lane 5, G8T2G8; lane 6, G4T3G4; lane 7, G4T4G4, lane 8, G4T sG4; lane 9,
G4T6G4; lane 10, G4T8G4. 1.0 mM sample was reconstituted in running buffer, heated for
10 minutes at 90°C, allowed to slowly cool to 4°C, and stored at 4°C for 48 hours before
electrophoresis. Running dye was added to each sample just prior to being loaded into the
well.
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Figure 37: Effect of sequence and environmental conditions on DNA oligomers in
standard TBE buffer with 100 mM Na+. Lane 1, G2T2G2; lane 2, G3T2G3; lane 3, G4T2G4,
lane 4, GST2G S ; lane 5, GsT2G S; lane 6, G4T3G4; lane 7, G4T4G4, lane 8, G 4T sG4 ; lane 9,
G4T6G4; lane 10, G4T sG4. 0.5 mM sample was reconstituted in running buffer, heated for
10 minutes at 90°C, allowed to slowly cool to 4°C, and stored at 4°C for 48 hours before
electrophoresis. Running dye was added to each sample just prior to being loaded into the
well.
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Figure 38: Effect of sequence and environmental conditions on DNA oligomers in
standard TBE buffer with 100 mM Mg2+. Lane 1, G2T 2G2; lane 2, G3T2G3; lane 3,
G 4T2G4, lane 4, GST2G S ; lane 5, GgT2Gg; lane 6, G4T3G4; lane 7, G4T4G4, lane 8, G4T sG4;
lane 9, G 4T6G4; lane 10, G 4TgG4. 0.5 mM sample was reconstituted in running buffer,
heated for 10 minutes at 90°C, allowed to slowly cool to 4°C, and stored at 4°C for 48
hours before el~ctrophoresis. Running dye was added to each sample just prior to being
loaded into the well. Notes that no sample was loaded on lane 1 and 5 of the gel.
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Figure 39: Effect of sequence and environmental conditions on DNA oligomers in
standard TBE buffer with 5 rnM Mg2+1100 rnM Na+. Lane 1, G2T2G2; lane 2, G3T2G3;
lane 3, G4TzG4, lane 4, GST2GS; lane 5, GST2GS; lane 6, G4T3G4; lane 7, G4T4G4, lane 8,
G4TSG4; lane 9, G4T6G4; lane 10, G4TsG4. 0.5 rnM of sample was reconstituted in running
buffer, heated for 10 minutes at 90°C, allowed to slowly cool to 4°C, and stored at 4°C for
48 hours before electrophoresis. Running dye was added to each sample just prior to
being loaded into the welL
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Figure 40 Effect of sequence and environmental conditions on DNA oligomers in
standard TBE buffer with 25 mM Mg2+1100 mM Na+. Lane 1, G 2T 2G 2; lane 2, G 3T2G 3 ;
lane 3, G4T2G4, lane 4, G 5T 2G 5; lane 5, G gT2G g; lane 6, G4T3G4; lane 7, G 4T 4G4, lane 8,
G4T sG4; lane 9, G4T6G4; lane 10, G4TgG4. 0.5 mM of sample was reconstituted in running
buffer, heated for 10 minutes at 90°C, allowed to slowly cool to 4°C, and stored at 4°C for
48 hours before electrophoresis. Running dye was added to each sample just prior to
being loaded into the well.
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Figure 41: Effect of sequence and environmental conditions on DNA oligomers in
standard TBE buffer with 5 mM Mg2+1100 mM K+. Lane 1, G2T2G2; lane 2, G3T2G3;
lane 3, G 4T 2G 4, lane 4, G 5T 2G5; lane 5, GsT2G S; lane 6, G4T3G4; lane 7, G4T4G4, lane 8,
G4T5G4; lane 9, G4T6G4; lane 10, G4TSG4. 0.5 mM of sample was reconstituted in running
buffer, heated for 10 minutes at 90°C, allowed to slowly cool to 4°C, and stored at 4°C for
48 hours before electrophoresis. Running dye was added to each sample just prior to
being loaded into the well.
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Figure 42: Effect of sequence and environmental conditions on DNA oligomers in
standard TBE buffer with 25 mM Mg 2+/lOO mM K+. Lane 1, G2T2G2; lane 2, G 3T 2G 3;
lane 3, G4T2G4, lane 4, GST 2GS; lane 5, GST2GS; lane 6, G4T3G4; lane 7, G4T4G4, lane 8,
G4TSG4; lane 9, G4T6G4; lane 10, G4TsG4. 0.5 mM of sample was reconstituted in running
buffer, heated for 10 minutes at 90°C, allowed to slowly cool to 4°C, and stored at 4°C for
48 hours before electrophoresis. Running dye was added to each sample just prior to
being loaded into the well.
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Figure 43: Effect of sequence and environmental conditions on DNA oligomers in
standard TBE buffer with 100 mM Na+. Lane 1, G2T2G2; lane 2, G 3T2G3; lane 3, G4T2G4,
lane 4, G ST 2Gs; lane 5, GsT 2Gs; lane 6, G4T3G4; lane 7, G4T 4G4, lane 8, G4TSG4; lane 9,
G4T6G4; lane 10, G4TSG4. Each sample was reconstituted in running buffer, heated for 20
minutes at 90°C, allowed to slowly cool to 4°C, and stored at 4°C for 48 hours before
electrophoresis. Running dye was added to each sample just prior to being loaded into the
well.
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Figure 44: Effect of sequence and environmental conditions on DNA oligomers in
standard TBE buffer with 100 mM K+ when heated for 20 minutes. Lane 1, G2T2G2; lane
2, G 3T2G3 ; lane 3, G4T2G4, lane 4, GST2GS; lane 5, GgT2G g; lane 6, G4T 3G4; lane 7,
G4T4G4, lane 8, G4T sG4 ; lane 9, G4T6G4; lane 10, G4TgG4. Each sample was reconstituted
in running buffer, heated for according to parameters discussed above at 90°C, allowed to
slowly cool to 4°C, and stored at 4°C for 48 hours before electrophoresis. Running dye
was added to each sample just prior to being loaded into the welL
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B:

Circular Dichroism Experiments:

Circular dichroism (CD) is a tool used to distinguish the conformations of various
multi stranded or higher order structures generated by self-assembly (e.g. simple parallel
quadruplex, hairpin, and G-wire). Previous evaluation of quadruplex formation by CD
has allowed us to discriminate between multistanded structures (e.g. quadruplexes and Gwires) and simple Watson-Crick or non-Watson-Crick type of structures (e.g. duplexes
and hairpins). The formation of multistranded structures results in the optical shift from a
peak at - 296 nm with a shallow trough at - 272 nm to a peak at - 254 nm with a trough
at - 240 nm, indicating the conversion of anti-parallel structures (i.e. hairpin) to parallel
structures (e.g. quadruplex or G-wire). Earlier work obtained by Marrotta et. al indicates
i
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the influence of environmental conditions on the formation of multi stranded structures
from G 4T2G4 oligomer in standard TBE buffer with 100 mM Na+, 100 mM K+, and 100
mM K+ plus 20 mM Mg2+. Circular dichroism is used to evaluate the self-assembly
process in the study as shown in Figure 45. The CD spectrum of G4T2G4 in 100 mM Na+
is characterized by a peak at 256 nm, a shallow trough at 275 nm, and a peak at 294 nm.
In either 100 mM K+ alone or 100 mM K+ plus 20 mM Mg2+, the spectra are
characterized by a shallow trough at 240 nm and a peak at 262 nm, all of similar
ellipticities.
These spectral differences indicate the formation of multi stranded or higher order
structures when prepared under favorable conditions (100 mM K+ and 100 mM K+ plus
20 mM Mg2). Based on the CD spectra in Figure 45, formation of multistranded

I

structures is characterized by the intense CD peak at 262 nm and a trough at 240 nm as
evidenced by the G4T2G4 oligomer in 100 mM K+, and 100 mM K+ plus 20 mM Mg2+. A
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slight formation of multi stranded structures is observed when G4 T2G4 is prepared in 100
mM Na+ due to the of two CD transitions that peaked at 256 nm and 294 nm. The CD
peak at 294 nm indicates the presence of hair-pin or duplex structures due to the partial
conversion from single stranded to multi stranded structures (e.g. quadruplexes). This
indicates that the self-assembly of multi stranded species is not favorable under 100 mM
Na+ as indicated by our gel results (Figure 30).

..

30

I

II

-1GOmMNII+
..... 1GOmMII(
-'1GOmMII(/20mM~

. . r\..
:i \'.

20

.J

\

J

/

10

\

\.
"' .............

~""

o

,.

.... . ... --~

---

-10~~~~~~~~~~~~~~~~~~~~~~

220

230

240

250

260

270

280

290

300

310

320

W8veIength (nm)
Figure 45. Cicrular Dichroism spectra of G4 T2G4 in standard TBE buffer with 100
mM Na+ (solid line), 100 mM K+ (dotted line), and 100 mM K+ plus 20 mM Mg2+
(dashed line).
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To further evaluate the effect of environmental conditions on the self-assembly,
the conditions summarized on Table 3 were designed to monitor how the sequence and
conditions ofthe sample preparation will influence the self-assembly of multi stranded
structures, The environmental conditions were divided into four sets, Each set of
+ K+, Mg,
2+ and Ca 2+)
',
"
, or bu f£er cond"lt10n (Na,
condItlOns
represents each lomc
speCIes
used to prepare the sample (see legends from figures), In addition, different magnesium
concentrations (5 mM, 10 mM, 15 mM, and 20 mM of Mg2+) were added to existing 100
mM K+ buffer to evaluate effect of magnesium on the DNA self-assembly and its
synergistic nature with the potassium system,

l

The Effect ofSequence and Sample Preparation on Quadruplex Formation:
As mentioned earlier, the self-assembly of multi stranded or higher order

structures is influenced by the sequence and environmental conditions under which the
sample is prepared as determined by the gel data. To confirm the type of conformations
or structures that are generated by the self-assembly process, circular dischroism is used
as a spectroscopic method to qualitatively monitor the formation ofthese complex
secondary structures.
The CD measurements in Figure 46 and 47 display the CD spectra of OxT20x
(where x

= 2,3,4,5, and 8) in standard TBE buffer with 100 mM Na+, 100 mM K+,

100

mM Mg2+, and 100 mM Ca2+, Based on the CD results from Figure 46 and 47, a
minimum of three guanine bases at both teminal O-segments were required to form
multi stranded structures in 100 mM K+, 100 mM Mg2+, and 100 mM Ca2+, Note that
formation of multi stranded structures is indicated by an optical shift from a peak at ~ 296
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run with a shallow trough at - 272 run to a peak at - 254 run with a trough at - 240 run.
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parallel structures (e.g. quadruplex or O-wire). From the CD spectra in Figure 46, only

1
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0 8T208 in 100 mM Na+ is thermally affected and thus forms multistranded structures as
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This is an indication of the conversion of anti-parallel structures (Le. hairpin or dimer) to

evidenced by its complete transition from an optical CD peak at -296 run to peak at -265
run when comparing to other sequences. However, a slight shoulder at -296 run is still
present, which suggests an incomplete transition from low molecular weight species to

J
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higher order structures. Retrospectively, similar results were demonstrated by
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electrophoresis data as shown in Figure 30 where a minimal self-assembly occurred in
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process to occur in forming higher order species. Also, the elliptical intensity of each

t

oligomer in 100 mM Na+, 100 mM K+, 100 mM Mg2+, and 100 mM Ca2+ varies
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100 mM Na+. This suggests that the sodium system is not sufficient for the self-assembly

according to the sequence and sample conditions. When comparing the elliptical
intensity ofa comparable sequence (the same oligomer) in 100 mM K+, 100 mM Mg2+,
and 100 mM Ca2+, the degree of elliptical intensity ranges in the following order: 04T204

> 05T205 > 08T208 > 03T203 with the most intense CD peak at -265 run. Furthermore,
a very intense ellipticity profile of 0 4T204 in 100 mM Mg2+ (12 times more intense than
the CD profiles collected from 100 mM K+ and Na+) is presented by a peak at - 265 run
and a trough at - 242 run (upper CD spectrum in Figure 48). The profile indicates some
types of complex multistranded structures are formed under the influence ofMg2+. In
contrast, the CD profile in Ca2+ reveals an odd, negative trough at -278 run with a peak at
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-258 run. The different in CD profile indicates the formation of some unusual
conformation generated by the influence of Ca2+ (lower CD spectrum in Figure 48). Both

!
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the CD and the gel electrophoresis indicate that the effect of sequence on multistranded
structure formation generates by G 4T2G4 reveals a more intense CD elliptical profile and
tightest electrophoretic banding when comparing to G 5T2G 5 and G gT2Gg (Figure 30, 31,
46, and 47). These results suggest that G4T2G4 may self-assemble into very large and
complex multistranded structures such as the "G-wires" supramolecular structure
discussed earlier. Our data agree with Marotta et al. 1996 and Marsh & Henderson, 1995
on the formation of the "G-wires" from the self-assembly ofG4T2G4 in 100 mM K+.
However, our gel data also reveals a significant induction on the formation of the
supramolecular structure or "G-wires" in 100 mM Mi+. In addition, different types of
supermolecular structures are also generated under 100 mM in Ca2+ but not are yet
characterized.
Inspection of the CD spectra indicates that a minimum of three guanine bases at
the terminal segment are required for the oligomers to self-assemble to higher order
structures as shown in Figure 46-47. CD spectral comparisons on various numbers of
guanine bases at the 5' and 3' terminal G segment indicate an induction of the formation
of multi stranded or higher order structures with the increase in the number of G bases at
the terminal G-segments. This can be observed from the CD spectral shift from a peak at
- 296 nm with a shallow trough at - 272 nm to a peak at - 254 nm with a trough at - 240
nm. The optical shift indicates the conversion of anti-parallel to parallel structures
(Williamson, 1992), suggesting that formation of multistranded structures is influenced
by the sequence composition of the oligomers where the terminal guanine segment at the
5' and 3' ends play an important role in stabilizing the self-assembly process.
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Further evaluation with oligomers possessing 04Ty04 (where y = 2,3,4, 5,6, and
8) determined the effect of the thymine~linker (T~linker) length on the DNA selfassembly. It provides some insight on how the steric and structural orientation affects the
self-assembly by the T -linkers. The CD spectra from Figure 49 and 50 reveal unique CD
spectral profile dependent on the length of the T -linker and buffer conditions under which
the sample is prepared. Different degrees of elliptical intensities and optical shifts are
obtained from the CD as confirmed in Figure 49 and 50. The optical shift on each
sequence may represent the various types of structural conformations that are generated
by the self-assembly process. Our data from both the gel and CD indicate that these
optical shifts are sequence dependent. Also, the different elliptical characteristics and
intensities from each individual sequence suggest a correlation between the structural
conformations to the degree of multi stranded structure generated by the self-assembly.
Note that these differences may also be influenced by the ionic size and charge of
monovalent and divalent cations used to prepare the samples. The broadness of some CD
spectra indicates the formation of multiple species of higher order or multistranded
structures under certain conditions and sequence composition. For example, the different
in elliptical peak intensities at - 265 nm (major peak) and - 296 nm (should peak) for
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each individual sequence can be observed from Figures 53 and 54. These multiple
species may contain mixtures of intermediate transitions generated during quadruplex and
hairpin formation. The CD spectral characteristic from each buffer condition (Na+, K+,

1

Mg2+, or Ca2+) discloses the environmental influence on the self-assembly. The tendency

1

to stabilize the self-assembly process is Ca2+ > Mg2+ > K+ > Na+ based on the optical shift
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and CD intensity (Figure 49 and 50). Note that the CD results correlate consistently with
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the gel results when comparing the influence of sample conditions on the formation of
higher order or multi stranded species.
Formation of various types of structures can be distinguished by the optical shift
at different wavelengths produced by each sequence under the same sample conditions.
The optical shift indicates the influence of sequence on the DNA self-assembly
contributed by the thymine-linker. Inspection from the CD spectra in Figure 49 and 50
reveals the following order of structure stability where G4T8G4 > G4T3G4 > G4T6G4 ~
G4TSG4> G4T4G4 based on the influence of the thymine-linker in 100 mM K+, 100 mM
Mg2+, and 100 mM Ca2+. In contrast, the CD spectra under 100 mM Na+ does not
indicate the formation of any higher order species except for the non-Watson-Crick dimer
types of structures that are consisted of hairpin conformation.

II

The Effiet ofMagnesium on Quadruplex Formation:
In order to further investigate the influence and the coherence properties of Mg2+

on the self-assembly, the category 1 oligomers possessing GxT2Gx (where x

2,3,4,5,

and 8) were prepared in TBE standard buffer with added 5mM Mg2+/100 mM K+, 10 mM
Mg2+/100 mM K+, 15mM Mg2+/lOO mM K+, 20mM Mg2+/100 mM K+ as described in the
Materials and Methods section. The CD spectral profiles are evaluated to determine the
influence Mg2+ on the DNA self-assembly process. The results from Figure 51 and 52
reveal complete conversion of dimer structures (e.g. simple hairpins containing anti
parallel configurations) to higher order structural conformations (e.g. quadruplexes
comprising of parallel configurations). This can be observed from the CD spectral shift
from a peak at ~ 296 nm with a shallow trough at ~ 272 nm to a peak at ~ 254 nm with a
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trough at - 240 run. The optical shift indicates the conversion of anti -parallel to parallel
structures (Williamson 1992). The only exception is G2T2G2 in which no conversion is

~

1

detected since there are only two guanines at its 5' and 3' terminal segments. This result

1

I

II
i.

is consistent with what has been observed by the gel results where three or more guanines
at the 5' and 3' terminal segments are required to form higher order structures under 100
mM K+. The elliptical intensity profiles also suggest the structural stabilities of the self-

I
I

t

I

II
!

II

This sequence demonstrates that the stability of DNA assemblies is dependent on the
number of terminal guanines in the oligomers; however, the stability does not track
linearly.
Further evaluation on the CD profiles in Figure 51 and 52 indicates that the
increase in [Mg2+] in 100 mM K+ does not significantly affect the CD profiles as
compared to the absence of Mg2+. This result implies that the spectroscopic data
obtained by CD is unable to unambiguously determine the nature of the multi stranded
structures generated by the self-assembly process. Therefore, the circular dichroism

I

technique can only be used to investigate structural conformational variations. Since CD
is a secondary method to monitor structure conformation changes in the experiments,
additional data obtained from the gel electrophoresis is necessary to determine the extent
of higher order structure formation.
To evaluate the Mg2+ influence on the self-assembly of category 2 oligomers
possessing G4TyG4 (where y = 2,3,4,5,6, and 8), the samples are prepared in TBE
standard buffer with added 5mM Mg2+/100 mM K+, 10 mM Mg2+1100 mM K+, 15mM
Mg2+/100 mM K+, 20mM Mg2+/100 mM K+ as mentioned earlier. Upon inspection of the
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CD spectra from Figure 53 and 54, it is clear that not all category 2 oligomers are able to
form higher order structures. This result can be ascertained from the positive CD peak at

- 296 nm and a trough at - 272 nm obtained from 04T404, 0 4T304, and 04T504. The
CD spectra indicate a gradual increase in the formation of multistranded structures with
an increase in the number of thymine bases at T-linker or spacer. One plausible
explanation for this result is that an increase of thymine bases at the T-linker or spacer
might reduce the sterlc interaction during the self-assembly transition to higher order
forms and thus enhance the accommodation for the cations used to stabilize the self
assembly process. However, the presence of Mg2+ at various concentrations only
moderately induces the formation of higher order structures as compared to samples
prepared in 100 mM K+ alone (compare the CD spectra in Figure 49,53, and 54). This
result suggests that adding Mg2+ to the 100 mM K+ provides a slight induction to the
DNA self-assembly process. From the CD results, we are able to observe the conversion
ofloworder forms (CD peak at - 296 nm) to high order forms (CD peak at - 265 nm).
This observation indicates the effect of Mg2+ on the quadruplex formation. The tendency
of the T-linker to stabilize the quadruplex formation is 04T204> 0 4T804> 04T604 >
04T 50 4 > 04T304 > 04T404. This effect can be observed by the elliptical intensities and
optical shifts from a CD peak at -296 nm to a CD peak at - 265 nm. Note that shoulder
peaks at - 296 nm can be detected from 04T804, 04T604, and 04T504. These shoulder
peaks might indicate the formation of multiple species of various structure conformations
generated from the DNA self-assembly.
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Figure 46: CD Spectra of G xT2Gx in standard TBE buffer with 100 mM
Na+(upper) and 100 mM K+ (lower). G2T 2G 2 (solid blue line); G 3T 2G 3
(dotted green line); G 4T 2G4 (solid red line) GST 2GS (dotted brown line);
G ST 2G S (solid black line).
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Figure 49: CD Spectra of G4TyG 4 in standard TBE buffer with 100 mM
Na+(upper) and 100 mM K+ (lower). G4T 2G4 (dotted blue line); G4T3G4
(solid green line); G4T4G4 (dotted red line); G4T sG4 (solid brown line);
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GxT2Gx (x= 2, 3, 4, 5, and 8) In 5 mM Mg/1 00 mM K
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GxT2Gx (x= 2, 3, 4, 5, and 8) in 15 mM Mg/100 mM K
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Figure 52: CD Spectra of G~.T2G x in standard TBE buffer with 15 mM
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Figure 53: CD Spectra of G4TyG4 in standard TBE buffer with 5 mM
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G4TyG4 (y= 2, 3, 4, 5, 6, and 8) in 15 mM Mg/100 mM K
r-------------------~----------------------_,~

35
30
25

CD

20 I!!

CIII

15

~

10

§.

5
~~-+_~~_+~~~~+_+_~~_+~~~~~~_ __*O

~

1i

~

o-5 i5

280

-10

Wavelength (nm)

-15

~========================================~-2O
•••• G4T2G4
•••• G4T4G4
--G4T3G4
•••• G4T6G4

--G4T5G4

--G4T8G4

G4TyG4 (y= 2, 3, 4, 5,6, and 8) in 20 mM Mg/100 mM K
r-------------------------------------------~~

35

30

25

CD

20 !

CIII

15

I

I

10

5

I

~+_~--4_~_+.~_1~/~_+-+_4--~+_~~~~~~~0
,
260
o
280

-5

~

§.
~
~
i5

-10

-15

'============================================:•••• G4T4G4
•••• G4T2G4
--G4T3G4
--G4T5G4

I

I
I
I

•••• G4T6G4

-20

--G4T8G4
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CHAPTER V
CONCLUSION
The results presented and discussed in Chapter IV illustrate the effect of sequence
and environmental conditions on the self-assembly of DNA oligomers possessing GxT2Gx
segments (where x

=

2, 3, 4, 5, and 8) and G4TyG4 segments (where y

8) into quadruplexes or higher order structures.

2, 3, 4, 5, 6, and

From the gel and CD results, we can

deduce critical important points that affect the formation of multi stranded or higher order
structure conformations.
The first point involves the effects of monovalent and divalent cations on the
DNA self-assembly as evidenced by the gel electrophoresis and CD results. The data
demonstrates that the self-assembly of multi stranded structures are facilitated by the
unique molecular properties of the cations where their molecular charges and size may
play a critical role in inducing the formation of higher order forms.

This can be

correlated by the response in structural stability to the charge and size properties of the
cations used in the experiment. The tendency to stabilize is Ca2+ > Mg2+ > K+ > Na+ as
indicated in the gel electrophoresis and CD data.
The second point focuses the variation of higher order structure formation with
DNA concentration. The result indicates that the process of DNA self-assembly might be
facilitated as the DNA concentration increases. Thus, increasing [DNA] might overcome
the diffusion -limited kinetics; i.e. the rate of formation of complex will surely increase
rate of DNA-to-DNA interactions. The outcome can be observed from the intense tight
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ladder bands in the gel results generated by the low molecular weight species with an
increase in DNA concentration.
The third point confirms the influence of Mg2+ on the DNA self-assembly of
higher order structures.

The influence of Mg2+ can be observed by comparing the

electrophoretic patterns for 25 mM Mg2+/100mM K+ and 25 mM Mg2+/100 mM Na+ to
those of 100 mM K+ and 100 mM Na+ (without Mi+) as shown by Figures 42, 40, 36,
and 37. The inducement of the formation of high molecular weight species indicates that
Mg2+ has a synergistic influence on the self-assembly process. This synergy can be
observed from the enhancement of the self-assembly in both the gel and CD data when
compared between the sample that are prepared with Mg2+ and without Mg2+.

In

addition, the CD results are consistent with this hypothesis as evidenced by the changes in
the elliptical intensities and optical shifts.
The fourth point verifies the previous result of Marotta, et al., involving the
minimum number of G-bases required to permit the self-assembly. Specifically, at least
four guanine bases at the 5' and 3' terminal G-segments are required to form higher order
or multi stranded structures. Moreover, the experiment provides additional information
on the effect of the number guanine bases on the formation of higher order forms where
the order of structure formation is G4 > Gs
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effect might be explained by the shorter T-linker facilitating a better stacking arrangement
for self-assembly while the longer T-linker might permit dimerization prior to structure
arrangement to form the higher order structural conformations.
In conclusion, the self assembly of DNA oligomers to form multistranded
structures is influenced by the following: (1) the nature of the cations used in the buffer
where the order of stability on the formation of high order structures is Ca2+ > Mg2+ > K+

> Na+, (2) the stability of the complexes appears to be [DNA] dependent according to:
1.0 mM > 0.5 mM, > 0.01 mM > 0.1 mM, (3) the presence of Mg2+ in the sample
preparation helps facilitate the self-assembly process, (4) at least four guanine bases at the
5' and 3' terminus (i.e., x

2, 3, 4, 5, and 8) is required to form higher order structures

with the most favorable terminal G-segment: G4 > Gs 2: Gs > G3 > G2, and (5) the number
of the thymine bases (i.e., y == 2,3,4,5,6, and 8) with the most accommodating T-linker:

From the

nanotechnology viewpoint, the unique

DNA sequences and

experimental conditions that are selected to generate or engineer the supramolecular DNA
structures of choice can be useful tools in designing various forms of reversible
nanostrucutures.

From a biological point of view, the above results provide a good

insight on the behavior of the telomeric DNA that possesses the G-rich segments with
various thymine-linkers when subject to different in vivo or in vitro conditions.
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